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Abstract
Sickle cell haem oglobin  differs from normal haem oglobin  by a single am ino aeid 
in its (} chain. This am ino acid replacement, from glutamic aeid to valine, causes 
polym erisation o f  proteins into defined long insoluble fibres with a typical 
d iam eter o f  21.5 nm. The polym erisation is triggered by the formation o f  
d e o \ \h a e m o g lo b in  from oxyhaem oglobin  in low oxygen partial p ressures, which 
results in a conform ational change in the secondary structure o f  the protein. 
Pathogenesis  in sickle cell disease depends on the polym erisation and gelation o f  
deoxygena ted  HbS molecules.
In this work, an electrochemical method has been described to m odulate the 
oxygen concentration in an optically transparent thin layer cell to produce 
deoxyhaem oglobin  whilst m onitoring the extent o f  polym erisation  using turbidity 
m easurem ents. The oxygen was depleted  in the vicinity o f  the e lectrode and 
triggered the polym erisation. The dependence o f  protein concentration, 
tem perature. pH and ionic strength on the nucleation and elongation o f  HbS 
polym erisation was characterised at the electrode surface and the kinetics o f  
polym erisation was investigated using a model for fibrillogenesis describ ing  a two- 
step process o f  nucleation followed by elongation. The rate constants, determ ined 
for a num ber o f  conditions, showed that nucleation is far slower than the growth 
whilst polym erisation at the surface was dem onstrated  to occur in three stages, 
with an initial time delay when no structures were observed followed b\ growth o f  
fibrous hair-like strands and finally gel-like aggregation. An understanding  o f  the 
factors which affect polym erisation at a surface and an insight into the dynam ics 
and m echanism  o f  polym er aggregation and the pathophysiology o f  sickle cell 
disease has been provided. A screening method for substances that effect the fibre 
nucleation and/or growth that could be valuable to the pharmaceutical industry for 
treating sickle cell disease is also presented.
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PLL = Poly-L-lysine
Pt = Platinum
R = Rest state o f  heam oglobin
RBC = Red blood cell
RE = Reference electrode
s = Seconds
SCA = Sickle cell anaemia
SCD = Sickle cell disease
T = Tense state o f  haem oglobin
TAS  = Polym erisation entropy change
Val = Valine
WE = W orking electrode
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1.1 Sickle Cell Anaemia
Sickle cell anaemia (SCA) is the most com m on type o f  a group o f  autosomal 
recessive disorders termed as sickle cell disease (SCD). It is a genetic disorder o f  
the blood in which the red blood cells (RBC) curve into a sickle shape due to the 
production and, most importantly, polym erisation o f  mutant sickle haem oglobin 
(HbS). It is a disease which afflicts millions o f  people throughout the world, in 
particular those whose ancestors com e from equatorial regions such as sub-Saharan 
Africa, Saudi Arabia, South A m erica and India, and clinical manifestations include 
amongst others severe haem olytic anaemia, pain crises, stroke, and chronic dam age 
to vital organs such as lungs, kidneys and liver.
The fundamental process o f  HbS polym erisation inside sickle erythrocytes has 
been studied by almost every physical technique o f  protein chemistry, including 
electron microscopy, single-crystal X-ray diffraction, nuclear magnetic resonance, 
circular dichroism spectroscopy, laser photolysis and tem perature jum p  kinetics. A 
large part o f  the success in understanding this process can be attributed to the 
application o f  these many different techniques. However, even though the 
polym erisation o f  HbS has probably becom e the best understood o f  all protein self- 
assembly systems, SCA is still a m ajor global health problem , with an estimated 
120,000 to 250,000 affected infants born annually [1], and at present most clinical 
interventions can be classified as tertiary prevention, such as therapies to 
am eliorate anaemia, reduction o f  the frequency o f  pain crises, or prevention o f  
stroke recurrences. As o f  yet, there are no preventative treatments.
In this chapter, recent advances into the study o f  HbS polym erisation, i t ’s 
structural and physical properties as well as the critical conditions required for 
polym er formation, are described. E lectrochem istry  is also introduced and a 
sum m ary o f  relevant visualisation techniques is reported.
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1.1.1 Structure of Haemoglobin
Haemoglobin (Hb) is the iron-containing m etalloprotein in the RBCs o f  m ammals 
responsible for binding oxygen (O 2 ) in the lung and transporting the bound O 2 
throughout the body where it is used in aerobic metabolic pathways. Vertebrate Hb 
consists o f  four polypeptide chains: two alpha (a) and two beta (P), with each 
subunit consisting o f  one haem group and one O 2 binding site per subunit. The 
maximum capacity o f  a single Hb molecule is four O 2 molecules.
An important aspect o f  the structure o f  Hb is the m ajor conformational change it 
undergoes upon binding an O 2 molecule. In 1938, Felix H aurowitz found that 
crystals o f  deoxygenated Hb (deoxyHb) shattered when they were exposed to O 2 
[2]. It was shown many years later through x-ray crystallographic studies that the 
deoxygenated and oxygenated forms o f  Hb differ drastically in quaternary 
structure. The quaternary structure o f  deoxyHb is term ed the tense (T) state whilst 
that o f  oxygenated Hb (oxyHb) is term ed the relaxed (R) state (figure 1.1).
Figure 1.1: A schematic diagram o f the T and R conformational states o f Hb, showing that the T 
state has a larger cavity than the R state [3].
The R state or oxygenated molecule is more com pact as the iron (Fe) atomic 
distance o f  the p chains decreases from 40 to 33 A on oxygenation. However, the T 
form has a lower affinity for O 2 and is a more constrained m olecule than its 
counterpart because o f  the presence o f  eight additional salt-links [4].
The m echanism  for this T to R state switch is illustrated in figure 1.2. In the T 
state, the Fe atom does not lie in the plane o f  the porphyrin ring but is about 0.4 A 
out o f  the plane towards the proxim al histidine. This causes the haem group to be 
domed in the same direction. On oxygenation, an O 2 molecule binds to the sixth
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coordination site o f  Fe, displacing water (H2 O), w hich causes the Fe atom to move 
into the plane o f  the porphyrin and the haem group to become more planar.
Figure 1.2: The mechanism for T to R state switch upon oxygenation. In the deoxygenated state 
the Fe atom is not in the plane of the porphyrin rings causing the haem group to be domed. When 
an 0 2 molecule attaches to the 6th coordination site the haem group becomes planar causing 
conformational changes through the whole molecule [3]
The m ovem ent o f  the Fe atom into the plane o f  the haem produces a level effect 
w hich causes a conformational change that is transmitted through the whole 
molecule. This allows the switch in quaternary structure from T to R state to occur. 
Thus, a structural change within a subunit is translated into structural changes at 
the interfaces between subunits. The binding o f  O 2 at one haem site is thereby 
com m unicated to parts o f  the molecule which are far away. The T to R state 
conformational change is an important aspect o f  the polym erisation o f  HbS, and 
therefore needs to be understood at the onset.
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1.1.2 Polymerisation of HbS
HbS is a single point genetic mutation o f  normal adult haem oglobin (HbA) that 
results in a hydrophobic valine residue replacing hydrophilic glutamic acid in the 
sixth codon o f  each o f  the two (3 chains [5, 6]. X-ray diffraction studies have 
shown that the 06 glutamate residue is situated on the surface o f  the protein. 
Consequently, the substitution o f  a valine residue does not have a significant effect 
on the protein conformation, whilst the O 2 affinity and allosteric properties are 
also virtually unaffected by this change. However, this alteration markedly reduces 
the solubility o f  the deoxygenated but not the oxygenated form o f  HbS.
The key to HbS polymerisation is the interaction o f  a 06 valine residue with a 
sticky hydrophobic pocket formed by the 085 phenylam ine and 088 leucine 
residues on a different tetramer. This donor-acceptor interaction, in which 06 
valine is donated to the EF acceptor pocket, requires the T or deoxygenated state, 
as exposure o f  the pocket only occurs in this state [7]. Subsequently, this causes 
the association o f  HbS m onom ers to form a “W ishner-Love” double strand o f  
deoxyHbS [8], as depicted in figure 1.3. This is the first stage o f  polym er 
formation. See section 1.1.3 for further details on the structure o f  the deoxyHbS 
double strands.
Figure 1.3: (a) schematic depiction o f the phenylamine and leucine hydrophobic pocket formed 
for 60 valine (b) crystal structure o f the “Wishner-Love” double strands o f dexoy-HbS, showing 
the lateral contacts and the axial contacts which occur during coupling [8].
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It is important to note that the exposure o f  the hydrophobic pocket also occurs in 
HbA when in the T-allosteric state but charge and size effect prevent 6(3 glutamic 
acid from binding.
The second stage is the growth and polym erisation  o f  the deoxyHbS double 
strands. At high concentrations (close to those found in RBCs), single double 
strands o f  deoxyHbS polym erise into long s tif f  insoluble rod-like fibres o f  21.5 nm 
diam eter and variable length. A fibre consists o f  six W ishner-L ove  double strands 
wrapped around a central strand in the form o f  a tw isted rope with a pitch o f  270 
nm (see section 1.1.4). These fibres form non-covalent cross-links with each other 
to create a gel, causing the RBC to becom e rigid, and as a result block blood flow 
in the capillaries. The polym erisation process therefore triggers a sequence o f  
pathogenic consequences by altering the shape and rigidity o f  the RBC. On 
reoxygenation, the polym ers disassem ble and the cells usually resum e their normal 
b iconcave disk shape. Thus, the consequence o f  the mutation is a catastrophic 
change in the interm olecular interaction o f  HbS molecules, more so than in its 
structural or functional properties.
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1.1.3 Structure of HbS Molecule
The major advance in the structural analysis o f  the HbS molecule came from single 
crystal X-ray diffraction studies, first at 5.0 A [8 ] and then at 3.0 A resolution [9]. 
Recently, the crystal structure o f  deoxyHbS has also been refined at 2.05 A 
resolution [10]. These studies have shown that the W ishner-Love double strand o f  
Hb tetramers is the basic building block o f  the intracellular sickle cell fibre (figure 
1.3). The HbS molecules pack within the crystal as parallel strands which are 
stabilised by axial contacts within each strand and lateral contacts between strands 
that involve the mutated valine residue. In the crystal structure there are two 
crystallographically  distinct axial contacts and two distinct sets o f  lateral contacts. 
The axial contacts involve the cii and pi subunits o f  one tetramer and the and P2 
subunits o f  a different tetramer directly  above it in the same strand, whilst the 
lateral contacts involve the valine residue o f  one p-chain and the hydrophobic 
valine-binding site, m ade up o f  phenylam ine, leucine and several haem atoms, o f  a 
P-chain in an adjacent m olecule [11]. In all instances, the molecular interactions 
are predom inantly  o f  the Van der W aals type and there are only a small number o f  
potential hydrogen bonds and specific ion pair interactions present.
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1.1.4 Structure of HbS Polymers
The predominant polymeric structure formed from the addition o f  HbS double 
strands is a solid fibre having a diameter o f  21.5 nm and a variable length [12, 13]. 
Electron microscopy studies have further established that the HbS fibre consists o f  
seven double-strands twisting about a com m on helical axis. Figure 1.4 shows a 
cross-section o f  a single HbS fibre, showing the fourteen strands [14-16].
Figure 1.4: Cross section of the seven double-strand fibre model. There are fourteen strands in the 
fibre with a central double strand surrounded by six other double strands [14].
The molecular contacts which stabilise the HbS fibre are intra-strand contacts 
(axial and lateral) and intermolecular contacts. Intra-strand lateral and axial 
contacts are similar in each molecule o f  the fibre. However, unlike the lateral 
contact regions, the number o f  axial contact residues decreases as a function o f  the 
radial position o f  the strand. Tw enty two residues are involved in the axial contacts 
at the fibre centre (strand 1 2 ), w hereas only six are involved at the fibre periphery 
(strand 1 ) [17].
In term olecular double strand contacts on the other hand involve largely different 
residues for each strand o f  the fibre. The num ber o f  residues per strand is small, 
ranging from five residues on strand 2  to thirteen on strand 1 0  and therefore the 
fibre is a relatively loose-packed and plastic structure [17, 18]. These can be 
distinguished as either contacts between parallel double strands or contacts 
between anti-parallel double strands.
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1.1.5 Aggregated Forms of HbS
HbS can aggregate into a num ber o f  m acroscopic forms. The physiologically 
relevant structure is believed to be a gel, formed through cross-linking and 
branching o f  HbS fibres, because it has the structural characteristics which form 
inside deoxygenated sickle cells. Some insight into the gel structure has come from 
observations with a polarising m icroscope in the course o f  kinetic studies [19]. 
These studies have shown that the organisation o f  HbS polymers in gelled 
solutions is generally found to be in the form o f  dom ains with the polymer long 
axes pointing in a radial direction. The largest domains are formed on a timescale 
o f  hours and these can be m illimetres in diameter, whilst the smallest domains are 
typically microns or less in d iam eter and these are formed relatively rapidly. The 
size and num ber o f  these domains are therefore determ ined by the timescale over 
which polym erisation occurs. The detailed arrangement o f  these domains and the 
polym ers within the domains are not yet known. However, it is known that it is the 
dom ains o f  single fibres and fibre bundles that cause deformation o f  the RBC into 
the characteristic sickle shape, which if  not limited by the Hb in a single cell, 
would be much larger than the cell itself.
A closely related but physically  distinct form o f  polym eric HbS structure is 
obtained by stirring deoxyHbS solutions while they are being heated to produce 
aggregation [20, 21]. A free flowing suspension o f  elongated fascicles, found by 
electron microscopy to be bundles o f  parallel fibres packed in square or hexagonal 
arrays, are obtained instead o f  a gel [16, 22]. I f  the stirring is continued for a long 
time, for exam ple in 50 mM Tris buffer at pH 6.7, m acrofibres are formed by the 
association o f  small, organised bundles o f  partially fused fibres. W hereas in a 
fibre, four o f  the seven double strands are antiparallel to the rem aining three, 
macrofibres are com posed such that adjacent rows are antiparallel. M icroscopic 
crystals have also been observed to grow from gels formed in the absence o f  
stirring or any other shear forces after periods o f  months [23-25].
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1.2 Critical Conditions for Polymer Formation
1.2.1 0 2 Saturation
The physiological variable to which HbS polym erisation is most sensitive to is 0 2, 
with polymer formation being inhibited by 0 2 saturation. Conceptually, the 
simplest model for the effect o f  0 2 on polym erisation is a straightforward two-state 
allosteric model [26]. DeoxyHb packs in a T conform ation whereas oxyHb packs 
in an R conformation. However, for HbS polym er formation the registry between 
polymer-stabilizing m olecular contacts present in the T structure is absent when 
HbS assumes the R structure. Therefore, it is the structural changes accompanying 
oxygenation which prevent polym er formation.
Experimentally, ,3 C/*H magnetic double-resonance spectroscopy has been used to 
measure the am ount o f  HbS polymer within sickle erythrocytes as a function o f  0 2 
saturation. M easurements show that the amount o f  intracellular deoxyH bS polym er 
increases m onotonically  w ith  decreasing 0 2 saturation, whilst the polym er can be 
detected even at 0 2 saturation values above 90% (figure 1.5) [27].
Figure 1.5: The curve for polymer formation as a function 0 2 saturation of unfractionated sickle 
cell RBCs at pH 7.65. ■ and •  is data obtained from samples of  different individuals. 0 2 
saturation was varied by using equilibration in a tonometer with gas mixtures containing varying 
amounts o f  0 2 and was measured directly for each sample. Each data point represents 1024 
spectral accumulations, X, □, o and A. The solid line represents the theoretical calculation for 
polymer fraction as a function of oxygen saturation with an allosteric model [27].
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1.2.2 Effectors of 0 2 Saturation
pH  Level:
Studies have shown that the aggregation o f  HbS is m arkedly dependent on pH [28, 
29]. One such study involved the m easurem ent o f  the solubility (Csat) o f  HbS 
solutions, dialysed exhaustively against 0.06 M phosphate buffers o f  pH 5.5 to 8.1, 
by ultracentrifugation and sedim entation methods. As shown in figure 1.6, the 
solubility changes very little between pH 6  and 7, and then sharply increases at 
more acidic and basic values, whilst the m inimum in the solubility-pH profile is 
seen at pH 6.5. This suggests that a significant effect o f  an increase or decrease in 
pH is destabilisation o f  the polym er through an increase in the net electrostatic 
repulsion between molecules. The pH dependence may also be due to the titration 
o f  histidines that form hydrogen bonds or ion-pair in intermolecular contacts [28].
Figure 1.6: effect o f  pH on solubility o f  HbS in 0.06 M sodium phosphate buffer at 25°C. Hb 
solutions were dialysed extensively against phosphate buffers of pH 5.5 to 8.1 [28].
Other effectors o f  O 2 Saturation:
2,3-diphosphoglycerate  (2 ,3-DPG), inositol hexaphosphate and ATP all act in a 
similar manner. All o f  these m olecules have a strong negative charge and bind in 
the central cleft o f  deoxyHb, and thus act by biasing the conform ational 
equilibrium  in Hb toward the deoxygented form, and favouring O 2 release. 
H owever, they interact at distinctly d ifferent sites, and therefore their effects can 
be additive. The effect o f  2 ,3-DPG on HbS polym erisation  is investigated in more 
detail in Chapter 4.7.
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1.2.3 HbS Concentration
The concentration o f  fully deoxyHbS is another factor that determines in vivo 
polym er formation. W hen deoxyHbS concentration exceeds the solubility, polymer 
formation begins. Therefore, increasing HbS concentration increases the extent o f  
polymerisation. In understanding this concept it is important to appreciate the 
molecular crowding in a solution o f  Hb at concentrations typically found in a RBC. 
At 340 mg cm '3, Hb molecules are 1.6 m olecular diameters apart centre to centre, 
but only 1 . 1  molecular diameters apart edge to edge and their natural motion 
ensures that they will encounter each other every few nanoseconds. In concentrated 
solutions, HbS particles are greater in num ber and much closer and thus there is an 
increase in m olecular collisions and m ore chance o f  a hydrophobic interaction 
occurring between the mutated valine residue o f  one HbS and the [3-subunit o f  
another [30]. High HbS concentrations normally required experimentally for the 
assem bly o f  HbS fibres [30] poses a problem as an experiment can require more 
than 200 m g cm ' 3 o f  HbS protein per single experiment. However, numerous 
studies [31, 32] o f  the polym erisation o f  HbS in 1.5 M phosphate buffer have 
found that in high molarity buffer solutions polym erisation occurs at much lower 
concentrations (ca . 50 mg cm '3).
W ang et al. [14] compared the structures o f  HbS fibres formed in high m olar 
phosphate buffer (1.5 M) with low m olar buffer (0.05 M) to determine w hether the 
high buffer concentration affected the structure o f  the polymers being formed and 
found that in all cases the polym ers formed in 1.5 M had the same structures as 
those formed in 0.05 M phosphate buffer. The general appearance, spacings and 
intermediates o f  the polym ers from negative staining, imaged with cryo-electron 
m icroscopy and Fourier transforms, w ere used for the comparison.
The influence o f  non-HbS on the polym erization process needs to be d iscussed 
briefly  aswell as HbS frequently occurs in red cells in combination with a large 
fraction o f  o ther Hb, such as HbA, fetal haem oglobin  (HbF) and haem oglobin  C 
(HbC) [33]. The fraction o f  HbS in red cells differs considerably am ong the 
various types o f  sickle cell disease. HbA and HbC have been shown to increase the 
solubility  o f  deoxy-H bS in mixtures with HbS, whilst H bA 2 and HbF have an even 
greater sparing effect; a sparing effect is where normal or abnormal Hb that m ay 
be present along with HbS in hum an erythrocytes act to elevate its solubility  under
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conditions o f  partial or total desaturation [34]. The HbS molecular crowding is 
dim inished with a variable in tracellular Hb com position, and thus the molecular 
collisions between HbS particles are fewer [33]. Increased proportions o f  HbA, 
HbF or HbC therefore results in decreased clinical severity.
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1.2.4 Temperature
Studies performed to see the effect o f  temperature on the solubility o f  deoxy-HbS 
have shown that polymer formation is favoured by elevated temperature. In a 0.15 
M, pH 7.15 potassium phosphate solution, solubility o f  HbS decreases from about 
320 mg cm ' 3 at 0 °C to a m inim um  o f  160 mg cm ' 3 at about 35 °C, and then 
increases again (figure 1.7) [35, 36].
Figure 1.7: Temperature dependence o f deoxy-HbS solubility in a solution of 0.15 M phosphate 
buffer and 0.05 M sodium dithionite as an additional reducing agent [36].
Therefore, at total concentrations below 160 mg cm '3. deoxyHbS solutions remain 
liquid between 0 °C to 45 °C: at concentrations above 320 mg cm ’3, the solution 
contains polymers at all tem peratures; and between 160 mg cm ' 3 and 320 mg c m '3, 
the solution undergoes reversible polym erisation and depolymerisation on heating 
and cooling [30, 36].
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1.2.5 Experimental Conditions for Polymerisation of HbS
There is a wealth o f  literature concerning the formation o f  HbS aggregates in vitro , 
and a summary o f  the conditions used for HbS polym erisation in these studies is 
presented in table 1.1. It is noticeable that a w ide range o f  HbS protein 
concentrations have been used from low values o f  only 6  mg cm ' 3 to extremely 
highly concentrated ones o f  940 m g cm ' 3 whilst the molarity  o f  phosphate buffer 
used was dependent on the HbS concentration; high concentrations o f  HbS were 
associated with low buffer concentrations. Furthermore, solution pH was limited to 
the physiological pH range.
The method by which HbS polym erisation was initiated in each study is also 
summarised in table 1.1. Heating o f  the protein solution, com monly referred to as 
the tem perature jum p method, has been favoured by m any investigators to induce 
polym erisation because o f  its simplicity and com patibility  with all the monitoring 
techniques. However, although the temperature jum p method has many 
advantages, another being d isassem bly o f  the polym ers by cooling, a major 
limitation is its non-applicability  to high HbS concentrations. The shortest delay 
times which can be accurately m easured are the thermal equilibration times o f  the 
order o f  10 s which at 37 °C corresponds to a concentration o f  230 mg cm '3, 
slightly lower than those found in sickle RBCs [37].
Therefore many recent studies, especially those investigating kinetics o f  
polym erisation, have employed a laser photolysis technique developed by Ferrone 
et al. in which the polym erisation reaction is initiated by rapid removal o f  carbon 
m onoxide (CO) from a CO saturated HbS solution [30, 37]. The advantages o f  this 
technique are that polym erisation can be achieved extrem ely quickly and the 
experim ent can be repeated m any tim es as recom bination o f  CO results in 
depolymerisation.
Electrochem istry  has been used as the method o f  initiation in this present 
investigation. Electrochemical reduction o f  O 2 at an electrode surface in contact 
with HbS solution causes local deoxygenation, and thus induction o f  fibre 
formation. This rem oves the need to deoxygenate the whole solution as only 
deoxygenation at the surface is required.
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Reference HbS conc. 
(mg cm'3)
Phosphate 
buffer (M)
pH Other conditions Method of nucleation
10 120 0.03 7.0 HbS in buffer 
conc. to 120 mg cm'3
polymerisation 
occurred in 2 days
14 25 1.5 6.7 to o n temp jump to 25 °C
20 20 0.1 7.0 IHP and EDTA; 25 °C gentle stirring
37 440 0.15 7.35 Sodium dithionite photolyse CO-HbS
38 55 1.8 7.3 Sodium dithionite photolyse CO-HbS
39 240 0.1 7.2 25 °C photolyse CO-HbS
40 240 0.1 7.2 25 °C photolyse CO-HbS
41 9 - 3 5 0.15 7.35 humidified He temp, jump to 37 °C
42 830 0.1 7.0 deoxygenated with 
sodium dithionite
temp, jump to 28 °C
43 6 - 1 2 0.05 7.5 Dextran added incubation for 30 min 
at room temp.
44 68 1.8 7.4 2 °C temp, jump to 30 °C
45 270 0.15 7.35 Sodium dithionite photolyse CO-HbS
46 > 100 0.05 7.4 37 °C; glutaraldehyde stirring under N2
47 1350 0.1 7.2 25 °C photolyse CO-HbS
48 240 0.05 6.7 stained with 
phosphotungstic acid
photolyse CO-HbS 
and temp.jump
Table 1.1: Conditions for HbS polymerisation and methods of nucleation initiation used in 
selected studies found in literature.
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1.3 Thermodynamics and Kinetics of HbS Polymerisation
1.3.1 Thermodynamics of HbS Polymerisation
Therm odynamically , the simplest description o f  HbS polymerisation consists o f  
the aggregation o f  HbS into helical polymers or three-dimensional crystals. A two 
com ponent system consisting o f  a solution plus polym er phase is commonly 
referred to as a gel, and the overall process o f  forming a collection o f  domains o f  
aligned polymers as gelation or polymerisation. Each o f  the two phases o f  the 
polymerisation model are distinct entities, in which the solution phase o f  the gel 
contains only HbS molecules o f  64.5 kDa as the m onom ers, with no clear evidence 
for aggregation in this phase, whilst the polym er phase behaves like an ordered 
crystal in equilibrium with a solution o f  HbS monomers. Although, the crystal is 
the therm odynam ically  more stable structure, polymers always form first.
The separation o f  a gel into solution and polym er phases can be achieved by 
centrifugation [49, 50] and the concentration o f  HbS in each phase measured by 
sedim entation into a compact pellet. The concentration o f  HbS in the solution 
phase can be measured using an analytical sedimentation technique, and the results 
confirm the presence o f  singular HbS molecules as the sedimentation velocity 
profile only contains a single peak whose coefficient is very similar to that o f  Hb 
tetramers [29].
The concentration o f  HbS in the polym er phase is taken as a m easure o f  the 
solubility o f  deoxygenated HbS, or in other words a m easure o f  the in tracellular 
HbS concentration in equilibrium with the polym er in solution. It can be 
approxim ately measured in solubility experiments in near-infrared 
spectrophotom etry  on the turbid pellets, from which the concentration o f  Hb in the 
pellet is calculated using mass conservation [51]. From these experiments the 
volum e fraction o f  the solution phase is calculated to be 350 mg cm 3 and the 
concentration o f  deoxyH bS in the pure polym er phase is 690 mg cm ' 3 [51]. The 
solubility data can then be used to calculate the fraction o f  polymerised Hb, Xp. at 
any tem perature  and the total concentration, c0, using the mass conservation 
relationship [51]:
Xp -  0  -  s^at / c0)/(l — Csat / Cp) (1.1)
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where csat is the solubility and cp is the concentration o f  Hb in the polymer phase 
(690 mg cm '3). The equilibrium constant, K , for the polym er phase in the reaction 
Hb (solution) + = Hb(H 2 0 )n (polymer) is given by [51]:
K — \ / Onb (#water) 2)
where a \\b is the activity o f  the Hb m onom er and r/Nvater is the activity o f  water in 
the solution phase. The activity o f  Hb is simply the product o f  the solubility and 
the activity coefficient (a = csaty).
The polymerisation enthalpy change, AH. or the apparent molar heat o f  gelation is 
given as the heat absorbed per mole o f  Hb entering the polym er phase and can be 
obtained from the temperature dependence o f  the equilibrium constant using the 
v an 't  H off  equation:
d  In K /d  (1/7) = - A ///R  (1.3)
A large decrease in the apparent A H  with temperature is seen from the van 't  H off  
analysis o f  the solubility data and this is confirmed by direct calorimetric 
measurements [36. 52]. However, data obtained from scanning calorimetric 
measurem ents [36], the more sensitive o f  the two methods, gives values for A H  
which are in fair agreement with those obtained from the solubility data, but are 
lower by 0 to 12.6 kJ m o l 1. This difference may be due to some proton or ion- 
binding process which has not been included in the therm odynam ic analysis.
18
Introduction Chapter 1
1.3.2 Kinetics of HbS Polymerisation
The kinetics o f  fibre formation and polym erisation are extremely important and 
have played a central role in understanding the physical chemistry o f  HbS 
polymerisation as well as the pathophysiology o f  the SCA to subsequently improve 
therapeutic strategies
A large variety o f  techniques have been used to m onitor the process o f  polym er 
formation, including nuclear magnetic resonance [53, 54], viscosity [55-57], 
turbidity [21, 51, 58], linear birefringence [25, 59, 60], light scattering [20, 60. 61] 
and transverse relaxation times [62], and the results from all o f  these techniques 
show the same basic kinetic features o f  polymerisation. A typical progress curve 
for polym erisation o f  an initially polym er-free solution is shown in figure 1.8 [35],
Signal
Amplitude
0
Figure 1.8: Time course of HbS polymerisation. This is a typical progress curve showing a two 
step mechanism for polymerisation in which there is a delay period initially, during which time no 
change in the signal is observed. This period corresponds to the time taken for nucleation to occur 
and so is also referred to as the nucleation time. This is followed by the appearance of the polymer 
and subsequently growth proceeds exponentially.
There is a marked delay in the initial part o f  the progress curve during which time 
no change in the signal is observed, and this corresponds to a period called the 
delay or nucleation time during which no polym er formation. The delay is 
followed by an explosive and highly autocatalytic formation o f  polym er [63, 64]. 
The length o f  this delay time is found to be strongly dependent on the inverse 
initial concentration o f  HbS to a very high power. This power is not constant but 
varies with the HbS concentration from 15 at 350 mg cm ' 3 [37] to as high as 35 to 
50 at 250 mg cm ' 3 [63, 64]. Furtherm ore, the delay time is also found to be related
Delay time
1l
f  Growth phase
/
/
Time
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to the solubility o f  HbS, and thus dependent on the variables which alter the 
solubility o f  HbS such as extent o f  deoxygenation, temperature and pH. A simple 
empirical formula, called the supersaturation equation [65], relates the delay time, 
/d, to the solubility:
1 / /d = A. (Co / csat)n (1.4)
where td is the delay time, X is the proportionality  factor, n is found to be 
approximately 30-40 under physiological conditions and the supersaturation, (cu / 
csat). is defined as the ratio o f  the initial HbS concentration to the equilibrium 
solubility.
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1.3.3 Double Nucleation Mechanism
Originally it was thought that the dependence o f  the delay time on solution 
conditions could be explained by a simple one-step nucleation mechanism based 
on equilibrium nucleation and growth o f  individual polymers. However, this 
mechanism could not explain the existence o f  a delay period prior to polymer 
formation. Consequently, a double nucleation m echanism , in which all the 
experimental observations involving the kinetics o f  HbS polymerisation could be 
explained, was postulated by Ferrone et al. (figure 1.9) [6 6 ].
Figure 1.9: The double nucleation mechanism of HbS polymerisation consisting of an initial 
nucleation phase known as homogeneous nucleation followed by growth o f the polymer known as 
heterogeneous nucleation. The homogeneous nucleation consists o f  the sequential addition of 
thermodynamically unfavourable monomers until the aggregate reaches a certain size called the 
critical nucleus (depicted as nucleus in this diagram). The formation of the critical nucleus is the 
first signal seen in a progress curve after the delay time. Once the critical nucleus is reached 
further addition o f monomers becomes thermodynamically favourable and so growth of polymers 
is fast and explosive. This autocatalytic growth is termed the heterogeneous nucleation [67].
This m echanism  postulates that po lym er formation is the result o f  two types o f  
nucleation. In the first type, aggregation o f  HbS molecules occurs in the bulk 
solution to form the first polym er and this is termed as hom ogenous nucleation. 
This polym er grows by the addition o f  monom ers to the ends. In hom ogenous 
nucleation, the sequential addition o f  monom ers is a therm odynam ically  
unfavourable random  process initially as there is significant entropic loss for the 
m onom er associated with aggregation. The substantial loss o f  translational and 
rotational freedom o f  the m onom er is only partially  com pensated for by the
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entropy gain from the centre o f  mass and torsional vibrations o f  the molecules in a 
polym er lattice. However, the reaction becom es increasingly favourable as the 
number o f  monomers increases due to an increase in stability associated with an 
increase in the number o f  bonds per molecule from 0.5 bonds in a dimer to 4.1 
bonds in the infinite polymer. M onom er addition occurs till the aggregate reaches a 
certain size, termed as the critical nucleus, which in this context is the aggregate at 
which size the forward reaction becomes therm odynam ically  favourable. 
Consequently, the formation o f  the critical nucleus is the rate-determ ining step. 
Experimentally, the existence o f  the delay time is accounted for by the time taken 
to form the critical nucleus as there is no polym er formation till this stage, whilst, 
the energetic gain needed to form the critical nuclei is dependent on the initial 
concentration. The rate o f  growth o f  polym er in this stage is governed by the 
relationship [6 8 , 69]:
a  = k+ (yc0 / YiCj)
where a  is the homogenous growth rate o f  polymer, k+ is the monomer addition 
rate constant and y is the activity coefficient o f  the monomer.
The second type o f  nucleation is termed heterogeneous nucleation and this step 
involves nucleation (i.e. hom ogeneous nucleation) on the surface o f  pre-existing 
polym ers as well as growth o f  polymers. As more polymers form, the available 
surface area and thus the num ber o f  sites available for heterogeneous nucleation 
increases with time. As a result, there is a continuous increase in the rate o f  
heterogeneous nucleation providing an explanation for the highly explosive and 
exponential growth observed in the progress curves. The contacts which create 
heterogeneous nucleation are a subset o f  the fundamental contacts within the 
double strand [6 6 ]. Another intriguing aspect o f  heterogeneous nucleation is the 
ability o f  the polym ers to display considerable flexibility with intersection sites o f  
newly generated polym ers able to display m aximum angular separation o f  2 1 ° to 
26° as well as polym er alignment [67].
The heterogeneous nucleation rate is proportional to the concentration o f  
m onom ers already present in polym ers, g 0 A, and thus rate is described as [70]:
go A = (k+y) ccj (1.6)
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where A is the concentration o f  m onom ers incorporated into polymers and Cj is the 
concentration o f  heterogeneous nuclei o f  size j.
Consequently, the rate o f  polym er formation for the com plete reaction is given as 
[66]:
to = a(c)  + ( t v  c)goA(c) (1.7)
where a(c) is the rate o f  hom ogeneous nucleation and g 0 A(c) is the rate o f  
heterogeneous nucleation per concentration o f  the polym erised monomer.
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1.3.4 Polymer Melting
M elting is the term used to describe the depolym erisation o f  HbS molecules upon 
oxygenation. If a cell containing polym ers reaches the lungs, then oxygenation will 
lead to melting. However, i f  polym er m elting is not com plete by the time the cell 
enters the tissues where O 2 pressure is low then the rem aining polymers promote 
rapid growth through heterogeneous nucleation, and i f  this time for melting is 
longer than the 1 second required to transit deoxygenated portions o f  the RBCs 
then obstruction o f  the microvasculature occurs [38, 70]. Consequently, the rates 
o f  depolymerisation could play a crucial role in the resolution o f  
pathophysiological processes.
Unfortunately, the kinetics and m echanism  o f  polym er melting have not been as 
w idely studied as those o f  polym erisation and many early reports have provided 
conflicting data. Initially, the absence o f  a delay time observed during m elting led 
to the prediction that m elting upon reoxygenation at the lungs is fast [71]. 
However, other studies have indicated that this process is slow enough, on the 
order o f  tens o f  seconds that polym ers persist during circulation, and thus 
contribute to occlusion [72]. In addition, it is also known that the process o f  
depolymerisation occurs by shortening o f  individual fibres at their ends in the 
presence o f  CO, whilst the affinity o f  polym erised HbS for the ligands CO and O 2 
is three to ten times lower than the affinity o f  solution T state HbS.
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1.3.5 Nucleation and Growth of Fibres in Literature
M uch o f  the literature on the nucleation and growth o f  HbS has focussed on the 
polymerisation o f  HbS in solution, and therefore been largely concerning 
homogeneous rather than heterogeneous nucleation. Homogeneous nucleation is 
the initiation o f  polymerisation through therm odynam ically  unfavourable random 
aggregation o f  HbS monomers, whilst heterogeneous nucleation consists o f  
homogeneous nucleation and growth o f  polym ers on the surface o f  existing 
polymers and other surfaces. Recent literature detailing the mechanistic steps o f  
fibre formation and the techniques with which they have been visualised are 
summarised in table 1.2.
Homogeneous and heterogeneous nucleation was originally  postulated on the basis 
o f  macroscopic data from kinetic measurements. However, a short paper by 
Samuel et al. [42] described the observation o f  the nucleation, growth and 
interaction o f  HbS fibres in real time using non-invasive video-enhanced 
differential interference contrast (DIC) and dark-field microscopy. This provided, 
for the first time, the direct visualisation o f  the polymerisation process in detail. 
The reported images supported most aspects o f  the double nucleation mechanism. 
The first fibres were seen 12 minutes after the temperature jum p and thus a delay 
was apparent before polymers were seen. The polymers then grew rapidly 
producing a resulting network which was highly branched and cross-linked to give 
a gel. Branching, arising from the thick regions o f  the fibre, was thinner than the 
parent fibre, whilst, the images o f  the gel showed that it was a dynam ic and 
flexible entity [42].
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Reference Description of Study Method of Nucleation Visualisation Techniques
41 Liquid-liquid separation demonstrated in solutions of HbS and dense 
liquid droplets seen to act as nucleation centres for HbS spherulites
temp, jump (24-37 °C) DIC microscopy and AFM
42 Observation of nucleation, growth and interaction of fibres in real-time 
demonstrated
temp, jump (2-28 °C) DIC microscopy and 
dark-field microscopy
43 Investigation of the structure, solubility behaviour and phase distributions 
with dextran upon HbS polymerisation
incubation for 30 min at room 
temp
electron microscopy
45 Determination of rates of induction times of homogenous nucleation of 
HbS fibres
photolyse CO-HbS DIC microscopy
46 Determination of the content and orientation of aligned HbS polymer humidified nitrogen differential polarisation 
imaging microscopy
47 Observed individual events and structures in the development of gel 
domains
photolyse CO-HbS DIC microscopy
48 Mechanisms of depolymerisation of HbS fibres photolyse CO-HbS and temp. 
Jump
DIC and electron 
Microscopy
Table 1.2: A description of the techniques used for the visualisation and monitoring of nucleation and growth of HbS polymers from studies found
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A nother study by Briehl and co-w orkers [73] enhanced the use o f  DIC m icroscopy 
to observe individual HbS fibres in gels, and showed not only that gels and fibres 
were fragile and easily broken  by mechanical perturbation, but breakage resulted 
in vast acceleration o f  gelation kinetics due to the creation o f  new, growing fibre 
ends (figure 1.10). Since gelation k inetics is critical in inducing m icrovascular 
obstruction, the acceleration o f  gelation upon breakage may have important 
implications in vivo  to the pathogenesis  o f  sickle cell crises.
Figure 1.10: DIC microscopy images showing fracture of a single HbS fibre and rapid filling of 
the field with numerous new fibres after fracture (fracture induced as a result o f  mechanical 
perturbation due to a tap on the slide): (a) before fracture only single fibre visible; (b) after 
fracture fibre fragments visible (arrow indicates point of fracture); (c, d) fragments grow and 
cross-link till field is densely filled with fibres. Hb concentration was 12.4 mmol L 1 (heme) at 
25’C and fibre formed 56 minutes after the temperature increase. The width of the field is 24 pm. 
DIC microscopy produces images many times larger than small objects; hence, fibers are much 
thinner than the DIC images shown [73].
Figure 1.10 shows the tim e-course o f  a polym er initiated by a tem perature  
increase. It can be seen that after the resulting fibre was fractured to create new  
growing ends polym erisation was rapid and the field filled in quickly w ith fibres to 
produce a large mass o f  polymers. The first fibre appeared 56 m inutes after the 
tem perature jum p, but after the fracture the growth o f  newer fibres w as far quicker. 
In other words, the overall rate o f  polym er formation in the gel was increased due 
to the creation o f  new  fibre ends.
DIC microscopy coupled with ligation control, through the use o f  photolytic epi- 
illumination, has also been used to define the structure and developm ent o f  gel 
domains and to dem onstrate  the m echanism  o f  fibre melting. Changes in photolytic 
intensity were seen to alter dom ain growth rates and domain structure with fibres 
growing slowly and radially w ithout branching at low laser intensity, and grow ing 
faster and forming highly cross-linked, dense domains at high intensity [47]. 
Depolym erisation, on the other hand, occurred at two sites on the fibres. At low
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CO partial pressures the dom inant m echanism  o f  dissolution was depolymerisation 
at fibre ends at rates o f  approxim ately  1 pm s '1, whereas at high CO partial 
pressures the dominant m echanism  was rapid dissolution, complete in one second 
or less, along fibre sides. A m odel has been postulated to describe the m echanism s 
o f  end and side-depolymerisation [48].
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1.4 Electrochemistry
1.4.1 Electrochemical Reduction of 0 2
The O 2 reduction reaction is a com plex m ulti-e lectron process that may include a 
num ber o f  e lem entary  steps involving different reaction intermediates. In general, 
how ever, the m echan ism s are o f  two types, w ith a m odified  W roblow a et al. [74] 
schem e the m ost effective in describ ing the com plica ted  reaction pathw ay by 
which O 2 is reduced at metal surfaces, see figure 1. 11:
Figure 1.11: The O 2 reduction reaction scheme. 0 2 can be electrochemically reduced either 
directly to H20  in a 4 electron reduction reaction governed by the rate constant k| or via the 
intermediate H20 2. In this case, 0 2 is initially adsorbed on the electrode surface and is converted 
to H20 2 through a series 2 electron reaction from which it is reduced to H20 .  It is important that 
0 2 is reduced directly to H20  as the peroxide has a detrimental effect on Hb [74],
Based on this reaction schem e, O 2 can be e lectrochem ically  reduced either directly  
to w ater (H 2O) in a “d irec t” 4 electron  reduction (k |)  or to in term ediate  hydrogen  
peroxide (H 2 O 2 ), term ed as a “series” 2 e* reduction. Subsequently , the adsorbed  
H 2 O 2 can be e lectrochem ically  reduced  to w ater w ith the rate constant k 3 (“series” 
4 e‘ pathw ay), chem ically  decom posed  on the electrode surface (k4 ) or desorbed  
into the bulk so lution (k?). Indeed, in som e conditions the reaction only proceeds 
to the in term ediate  H 2O 2 s tage, for exam ple  at m ercury, O 2 is reduced in tw o well 
defined steps separated  by up to IV  [75]. The “d irec t” 4e* reduction o f  O 2 implies 
that c leavage o f  the 0 - 0  bond by d issocia tive  adsorption occurs at an early stage 
in the reduction, w hilst in the “ series” 4e* pathw ay the first step is the reduction  o f  
O 2 to superoxide, O 2' (or H O 24 to H O 2 ) [76].
Rotating ring-disc e lectrode experim en ts  may be used to d is tinguish  the two 
pathw ays and to provide an es tim ate  o f  the relative im portance o f  the pathw ays
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u nder  conditions w here  they co-exist. O 2 is reduced at a ro tating  disc o f  the active 
m ateria l, and the  form ation o f  H 2O 2 is m onitored  on a r ing  electrode surrounding  
the  disc. S tudies have  provided at least fourteen different reaction  pathw ays [77] 
for O 2 reduction  and thus reliable k inetic  param eters  cannot be obtained nor can 
com parisons be tw een  electrode m ateria ls  be m ade, especially  w here p roducts  and 
m echanism s m ay  be different. Even so, the reduction  o f  O 2 is always a slow 
reaction  [78].
A qualita tive exam ple  o f  the ro tating  disc e lectrode can be seen with the Pt disc 
electrode. C urren t -  vo ltage curves at the Pt disc show only a single reduction  
w ave, im ply ing  a com ple te  4e ' reduction. On the other hand, the response on the 
ring, w hose  po ten tia l  is held at a value  w here the H 2O 2 oxidises, proves that som e 
H 2O 2 is form ed d u ring  the ris ing reg ion  o f  the curve, and that at Pt the O 2/H 2O 2 
and H 2O 2/H 2 O processes  m ust occur at very sim ilar potentials  [77]. This is 
confirm ed  by  recen t studies w hich  have  suggested that a series pathw ay via an 
H 2 0 2 ,ad in te rm ed ia te  m ay be operative  on Pt and Pt b im etallic  com pounds [76]. In 
e ither case, how ever ,  the ra te-determ in ing  step appears to be the addition o f  the 
first e lec tron  to 0 2 ,ad-
As with H bS po lym erisa tion  there is a pronounced  effect on O 2 reduction  with pH; 
a g rad ien t o f  pH with d istance from the e lectrode surface is present w ith  a h igher 
pH at the  e lec trode  than in the bulk solution. This  effect is apparent in phosphate  
b u ffe r  o f  pH 7.0 where the w ave for O 2 reduction  is steep and the ha lf-w ave 
po ten tia l  is 300 m V  positive to that for O 2 reduction  for 0.1 M N aO H. In contrast, 
the  w av e  is draw n out and the ha lf-w ave  potential is approx im ate ly  150 m V  in 
u n b u ffe red  systems. This can be  read ily  unders tood  in te rm s o f  the pH change  as a 
resu lt o f  O 2 reduction itself. In the very foot o f  the w ave, the pH close to the 
su rface  o f  Pt is identical to that in the bulk, w hils t in the lim iting current regions, 
the four electron pro tonation reac tions o f  reduced  O 2 species will cause  the 
hydroxyl (OH ) ion concentra tion  and thus the pH at the surface to increase to ca.
1 1. T herefore , both the the rm odynam ics  and k inetics  o f  O 2 reduction will change 
as the pH increases [77].
F urtherm ore , it is also now  well es tab lished  that the reaction rates o f  the O 2 
reduction  reac tion  on Pt surfaces  are s truc ture  sensitive. T hese  arise  due to 
s truc tu re  sensitive  adsorp tion  o f  spec ta to r  species such as O H ’ and H SO 4 ", bo th  o f  
w hich  inhibit the reduction  o f  m o lecu la r  O 2 by b lock ing  the initial adsorp tion . In
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addition, O2 reduction in Cl' containing solutions is accompanied with peroxide 
formation implying that w ithin the same potential limits H 2O 2 is formed as an 
intermediate. This effect seems to manifest i tse lf  in the P t( l lO ) and Pt(100) 
structures but not in Pt( 111) [76].
In contrast with Pt, Au supports m ainly  the 2 x 2e ' step reduction o f  O 2 (“series” 
4 e') in acid media, a feature that can be used for the electrochemical synthesis o f  
hydrogen peroxide. The trends in half-w ave potential and shape o f  the first 2e' 
reduction o f  a Au microdisc electrode are similar to that o f  Pt but the shape o f  the 
second wave is different because  O H ‘ ions are generated during the first stage o f  
reduction. The subsequent reduction o f  H 2 O 2 on these electrodes is very slow and 
the m echanism  o f  H 2O 2 reduction  is strongly dependent on surface orientation. In 
alkaline solution, reduction proceeds only by the series mechanism with H 0 2 ad as 
an interm ediate in the reduction process. The formation o f  H O 2' does not involve 
the cleavage o f  the 0 - 0  bond as isotopic experiments on various surfaces provide 
strong evidence that all the peroxide oxygen originates from the O 2 [78]. 
Furtherm ore, as at Pt the pH dependence is noticeable whilst current-potential 
curves show that hydrogen evolution com mences at a potential expected for an 
alkaline environment [76].
The reduction o f  O2 at Pt and Au was o f  particular interest in our system because 
these were the electrodes em ployed in the investigations. The im portance o f  the 
reaction proceeding to com pletion  is param ount so that firstly no H 2O 2 is formed 
as peroxide has a detrimental effect on Hb, whilst secondly a re la tively  fast 
reduction o f  O 2 is achieved.
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1.4.2 Chronoamperometry
The study o f  the variation o f  the current response after a single potential step under 
potentiostatic control is called potential step chronoam perometry. In a potential 
step experiment the potential is stepped at a time to from an initial potential initial 
to final potential £ rinai corresponding, respectively, to no electrolysis and to 
com plete conversion o f  reactants to products at the electrode surface (figure 1 .2 2 ).
%
>
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Figure 1.22: Figures showing (a) the excitation waveform for a single potential step experiment 
(b) the current density evolution response over time for the same electrochemical technique [79].
Im m ediately  after the potential step, a large current is detected w hich decays 
steadily with time. This arises since the magnitude o f  the current is controlled  by 
the rate o f  diffusion o f  the reactant to the electrode. As the reactant is converted  to 
the product due to the heterogeneous electron transfer reaction, the reactant is 
depleted close to the surface, and a depletion zone is formed. Consequently , the 
concentration gradients shortly after the step are extrem ely large, since there has 
been little time for any depletion o f  electro-active species, and the currents are also 
very large. G radually, as depletion occurs, the diffusion layer th ickness increases 
and the current decreases. The thickness o f  this depletion zone or diffusion layer, 
A, is governed by the equation:
A = V 2  Dt 0*8)
w here D  is the diffusion coefficient and t is the time taken for the reaction. In 
some experim ents it is advantageous to m onitor charge, instead o f  the current, as a 
function o f  time and this technique is referred to as chronocoulom etry.
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Figure 1.22: Figures showing (a) the excitation waveform for a single potential step experiment 
(b) the current density evolution response over time for the same electrochemical technique [79].
Im m ediately  after the potential step, a large current is detected which decays 
steadily with time. This arises since the magnitude o f  the current is controlled by 
the rate o f  diffusion o f  the reactant to the electrode. As the reactant is converted  to 
the product due to the heterogeneous electron transfer reaction, the reactant is 
depleted close to the surface, and a depletion zone is formed. Consequently, the 
concentration gradients shortly after the step are extrem ely large, since there has 
been little tim e for any depletion o f  electro-active species, and the currents are also 
very large. Gradually, as depletion occurs, the diffusion layer th ickness increases 
and the current decreases. The thickness o f  this depletion zone or diffusion layer, 
A, is governed by the equation:
(1.8)
where D  is the diffusion coefficient and / is the time taken for the reaction. In 
some experim ents  it is advantageous to m onitor charge, instead o f  the current, as a 
function o f  time and this technique is referred to as chronocoulom etry.
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1.4.3 Cyclic Voltammetry (CV)
The most com m on technique to study electrode reactions, and perhaps the most 
versatile electroanalytical technique for the study o f  electroactive species, is CV. It 
involves applying a triangular potential ramp (figure 1.13 (a)), where the potential 
o f  the w orking electrode (W E) is swept forward oxidising the sample in question, 
and subsequently the electrode potential is scanned back to its original value. The 
potential scan can be used to define w hether (a) the product o f  electron transfer is 
stable or (b) reaction in term ediates  or final products are electroactive. 
Consequently, it is an ideal technique for the study o f  O 2 reduction at conducting 
surfaces to provide further insight into the kinetics and therm odynam ics o f  this 
reaction.
Figure 1.13: Figures showing (a) a triangular potential ramp is applied in CV: (b) CV of a 
reversible redox couple with the parameters of the voltammogram depicted: F/)c cathodic peak 
potential: ipt cathodic peak current; Er</ anodic peak potential: \ri, anodic peak current [80],
A CV is obtained by m easuring the current at the WE during the potential scan and 
the shape o f  the voltam m ogram  depends on the reversibility o f  the redox couple. 
The im portant param eters  o f  a voltam m ogram  are shown in figure 1.13 (b). Small 
peak to peak separation and a w ell-defined peak are characteristic features o f  a 
reversible electron transfer reaction, i.e. a redox couple in which both species 
rapidly exchange electrons with the WE This is because in a reversible electron 
transfer reaction current Hows as soon as the reduction becom es 
therm odynam ically  viable because o f  the rapid electrode kinetics associated  with 
the reaction. H ow ever, slow electron transfer at the electrode causes the peak to 
peak separation to increase. In these reactions, no current Hows until an 
overpotentia l has been applied to drive the reduction or oxidation o f  the sample.
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1.5 Summary
As the introduction has shown, m uch o f  the p ioneering work in this field has 
established the basic structural, biochemical and biophysical properties o f  HbS 
polym erisation, and in this regard this process is extrem ely well understood. 
However, only recently  have investigations been perform ed on m anipulating the 
nucleation and growth o f  fibres and gel formation in order to open new avenues for 
the inhibition o f  HbS polym erisation or any associated pathogenic events.
Presented in this thesis are results concern ing  the nucleation and growth o f  HbS 
aggregates formed at a num ber o f  conducting surfaces using a novel 
e lectrochem ical method. Local deoxygenation  o f  HbS solution at the surface o f  
electrodes, such as Pt and Au, can be used to trigger hydrophobic coupling o f  HbS 
m onom ers into polym ers and gels. These structures can be subsequently  visualised 
in-situ  using various im aging techniques to gain an in depth insight into the 
k inetics and therm odynam ics o f  nucleation and growth o f  HbS aggregates. 
Consequently , the visualisation and m onitoring  o f  the protein growth using optical, 
U V -visib le  spectroscopy and scanning probe microscopic techniques are also 
described. Furtherm ore, the u tilisation o f  this method to provide an assessm ent o f  
the effectiveness o f  current therapies that exist for SCD is presented. In this thesis, 
the basis for a m ethodology is presented that m ay be used as a screening method 
for substances that effect the fibre nucleation and or growth, one which could be 
valuable to the pharm aceutical industry for treating SCD.
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Chapter 2: Experim ental M aterials. M ethods and 
Equipm ent
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2.1 General Experimental
In this chapter, the experim ental details and m ethodologies  common to all 
experiments will be d iscussed and a general outline o f  the materials and 
instrum entation utilised will be provided. Furtherm ore, the preparation procedure 
and electrochemical techniques used to probe the protein solutions will be 
described.
However, it is important to note that this chapter only serves to outline a general 
experimental. Data analysis m ethodologies  and the construction o f  thin layer 
electrochemical cells specific to each chapter will be detailed in the relevant 
chapters.
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2.2 Materials
HbS and HbA were purchased from Sigma chem ical com pany (Poole, UK) and 
used as supplied. The supporting electrolyte was 1.5 M (pH 7.0) potassium  
phosphate  buffer solution which was prepared by m ixing  stock solutions o f  
dihydrogen potassium  phosphate and dipotassium  hydrogen phosphate (Avocado, 
UK) to achieve a solution with pH 7.0. Changes to the stock solutions ensured 
correct buffer concentrations and pHs w ere obtained for experiments w here the pH 
and molarity  o f  the phosphate buffer solution varied. H 2O used in experim ents and 
for cleaning purposes was de-ionised H 2 O from a M illipore Milli-Q g rad ien tK 
(18.2 M O cm, < 0.05 S cm '2 at 25 °C) water system. Sodium chloride (N aCl) was 
obtained from BDH AnalaR whilst other chem icals were o f  analytical reagent 
grade. Sodium  dithionite was obtained from Sigma chemical com pany (Poole, 
UK).
Ethylenediam inetetraacetic  acid (EDTA), 3 ,5-dich loro-2-hydroxybenzenesulfonic  
acid (D H SA ), horseradish peroxidise and 4-am inoantipyrene, used for the 
spectrophotom etric  assay o f  H 2 O 2 , as well as vanillin, 5-hydroxy-2-furfural 
(5H M F) and 2,3-DPG for the anti-sickling experim ents were obtained from Sigma 
chem ical com pany (Poole, UK). 3 -m ercap to-l -propenesulfonic acid, 2- 
m ercaptoethanol, 1-butancthiol and cystam ine dihydrochloride (Aldrich, UK) were 
used as the thiol compounds. Free haem in, poly-L-lysine and iota carrageenan 
were used for m odifying electrodes for direct e lectrochem istry  experiments. 
Electrodes were all obtained from Advent Research M aterials Ltd, Oxford or 
Johnson M atthey, Cam bridge. The electrodes used for each specific cell are 
described in the relevant experim ental section o f  each chapter. Quartz cuvette (1 
m m  pathlength) and glass m icroscope slides w ere obtained from Hellma, UK. For 
the AFM experim ents, 3% glu taraldehyde was obtained from Sigma chem ical 
com pany  (Poole,U K ) and mica and silicon nitride contact and tapping m ode were 
obtained from Veeco (Santa Barbara, Ca). O ther m aterials such as silver 
conductive  paint, epoxy resin, parafilm  and epphindorfs  were obtained from RS 
(UK), p ipettes were obtained from Fluka whilst argon (Ar) and nitrogen (N 2 ) gas 
cylinders w ere received from BOC gases (UK).
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2.3 Instrumentation
Electrochem istry techniques, specifically  chronoam perom etry  and CV, were 
carried out in a conventional three electrode system com prising a working (W E), 
reference (RE) and counter electrode (CE) connected to a PC operated potentiostat 
(pA utolab  Type II. Eco Chem ie B.V. supplied by W indsor Scientific Ltd, UK), 
controlled by GPES softw are (version 4.7, Eco Chem ie B. V. Utrecht, 
Netherlands). The WE is the electrode at which the electrochemical process o f  
interest takes place, whilst the role o f  the RE is to provide a fixed potential to 
which the potential o f  the W E is referred. The RE is also sometimes called the 
ideal nonpolarisable electrode. The purpose o f  the CE is to supply the current 
required by the WE, without lim iting the measured response o f  the cell. In this 
sense, it should not im pose any characteristics on the measured data, and as 
consequence it should have a large area com pared to the working electrode. In our 
three-elec trode system an optically  transparent electrode (OTE) was used as the 
W E, a Pt coil served as the CE whilst all potentials were given versus the quas i­
reference electrode (Ag/AgCl).
An optical m icroscope (Jenalab; Carl Zeiss. Germany) connected to a video camera 
(TK -1085E; JVC, Japan) with PC data collection (Presto Video W orks Ver 4.1 Rev 
6; Newsoft Technology Corp, Taiw an) was used for image collection and 
processing and images were analysed using Presto Video W orks PC data collection 
softw are and CorelDraw  (version 8.232). Absorption spectra were recorded with 
an Agilent 8453 UV-visible spectrophotom eter (A gilent technologies) on plain 
glass m icroscope slides (0.80 mm x 1.00 mm thick) or quartz cuvettes (pathlength  
1.0 mm ) using U V-visib le C hem Station  software (Rev. A. 09. 01, Agilent 
technologies) in kinetic m ode (i.e. spectra acquired at regular or increasing time 
intervals over a period o f  time). The spec trophotom eter experim ents run time 
ranged from 1000 s to 4500 s with spectra being recorded at intervals o f  2 s or 10 
s. The w avelength  acquisition range was from 200 -  1100 nm and tim e traces at 
600, 650, 700 and 800 nm were m onitored.
The tem perature  was controlled with the use o f  a small peltier device (Therm o 
Electric C ooler Type D T I 069; M arlow  Industries Inc., USA) and m easured with a 
hom e-m ade therm ocouple . The copper plate above the peltier device allow ed for 
efficient heat transfer between the peltier  device and the m icroscope slide or quartz
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cuvette. Tem perature  m anipulations were carried out using program m able water 
bath (Grant LTD6 w aterbath, Grant Instruments Ltd, Cam bridge) with a 
tem perature range o f  -  20 °C to 100 °C. A digital pH m eter (PH215, Denver 
Instruments, Germany) was used to produce solutions o f  different pH.
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2.4 Construction of Thin Layer Electrochemical Cells
A series o f  robust and easily constructed thin-layer cells were designed specifically 
for optical and spectroelectrochem ical m easurem ents. The Pt coil electrochemical 
cell (chapter 3) was used exclusively  for im aging with the optical m icroscope 
whilst the Au m icro-m esh electrochemical cell (chapter 4) and Pt matrix 
electrochemical cell (chapter 5) were used to m onitor protein growth with the UV- 
visible spectrophotometer. The fabrication o f  each cell is detailed in the relevant 
chapters.
Cleaning o f  the e lectrochem ical cell followed a general procedure, termed as 
experimental procedure 1. The cell was soaked in pure water and medical wipes 
(K im berley-C larke, UK) w ere used to draw the solution out. This was performed 
as many tim es as was necessary  until the red colouration o f  the protein 
disappeared. The electrodes w ere electrochem ically  cleaned by cycling in 0.1 M 
sulphuric acid until there was no further change in the voltam m etric response. Two 
sets o f  thirty CV cycles were generally  perform ed, with new acid solution being 
used after the first thirty cycles and the electrochem ical cell was finally rinsed with 
copious am ounts o f  PhO.
40
Experimental, Methods, Materials and Equipment Chapter 2
2.5 HbS Polymerisation
Three main techniques were used to achieve polym erisation o f  HbS: in-situ  
e lectrochemical deoxygenation, ex-situ  tem perature ju m p  method and ex-situ  
salting out method. The ex-situ  techniques w ere generally  used for those 
experim ents where im aging could not be perform ed im m ediately  due to further 
preparation, such as in AFM  experiments (chapter 3) or for the direct 
e lectrochem istry experim ents (chapter 7).
In situ Electrochemical Deoxygenation: Polymerisation using Electrochemistry:
HbS polym erisation was prim arily  achieved using electrochemical means by 
electrochemical O 2 reduction o f  a small volum e o f  HbS solution within a purpose 
built electrochemical cell using step potential chronoam perometry. This is termed 
experim ental p rocedure  2 and is described in m ore detail in section 2.6.
Polymerisation using temperature jum p method:
This m ethod (experimental procedure 3) is a slight m odification o f  the procedure 
described by Adachi et al. [81]. A solution o f  HbS protein dissolved in 0.1 ml 
phosphate  buffer (1.5 M, pH 7.0) was degassed thoroughly  by passing a stream o f  
Ar gas over the top o f  the solution for 1 hour and was subsequently  placed into a 
cuvette o f  pathlength 1 cm under an inert atmosphere. A further 1.0 ml degassed 
H 2O was added to the HbS solution and the cuvette was placed in a w aterbath  set 
at 2 °C for 30 minutes. The tem perature  ju m p  was obtained by quickly transferring  
the cuvette to a water jacketed  cuvette  holder at a tem perature o f  38 °C positioned 
in front o f  the spectrophotom eter light beam. The jacketed  cuvette holder was also 
at a tem perature o f  38 °C. All spec tra ’s were exam ined  to ensure a significant 
increase in the absorbance was seen to indicate form ation o f  HbS aggregates. If  no 
such increase was seen then the solution was not used for any further experim ents. 
All solutions were stored under Ar in the fridge until use and used within one day 
o f  initial preparation.
41
Experimental, Methods, Materials and Equipment Chapter 2
Polymerisation using Isothermal salting out method:
This procedure [82] (experimental procedure 4) involved degassing a solution 
containing 2.4 ml phosphate  buffer (2.52 M, pH 7) in a cuvette (1 cm pathlength) 
for 1 hour. Sodium dithionite (10 m g m l 1) was added in some cases to ensure 
buffer solution remained O 2 free. Sodium dithionite would have been all used up 
scavenging buffer O 2 before com ing into contact with any protein. The cuvette was 
sealed with parafilm and placed into a waterbath set at 38 °C. At the same time, a 
solution o f  HbS dissolved in low m olarity 0.025 M phosphate buffer solution was 
placed in an epph indorf  vial, deoxygenated thoroughly by passing a stream o f  Ar 
over the top o f  the solution, and placed into the waterbath at 38 °C. Once both 
solutions had equilibrated to the waterbath temperature, the cuvette was placed in a 
water jacketed  holder positioned in the spectrophotom eter and HbS solution was 
quickly  added causing HbS protein aggregates to be formed. The HbS polym er 
formation, as a result o f  salting out at isothermal conditions, was followed 
spectrophotom etrically . Spectra which did not show an increase in the absorbance 
were not used any further. All solutions w ere stored under Ar gas in the fridge 
until use and used within one day o f  its initial preparation.
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2.6 Electrochemistry
The two electrochemical m ethods m ainly  used were step potential 
chronoam perom etry and CV. Deoxygenation o f  the HbS solution was performed 
by electrochemical reduction at the electrode surface using step potential 
chronoamperometry. T he  HbS solution was held at a potential E  = 0 V for 3 s 
initially and then stepped to E  = - 0.55 V versus the quasi-reference electrode. The 
time o f  the step potential experim ent varied from 1000 s to 6000 s. A typical 
chronoam perom etric scan observed in our experiments is shown in figure 2.1. 
These were similar to the characteristic  current density evolution response seen in 
figure 1.22; initia lly  a large current was detected which steadily decayed with 
time.
-1 .0 e -4  -
U  -1 .5 e -4  -
-2 .0 c -4  -
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Figure 2.1: A typical current density evolution response seen in our HbS polymerisation potential 
step experiments.
A thorough CV study was perform ed on the HbS protein  solution consisting o f  1.5 
M (pH 7.0) phosphate  buffer and 0.5 M NaCl, before every experim ent to ascertain 
the electrochem ical potential w indow  o f  O 2 in solution at the particular electrode 
being  used (this varied when using different e lectrode materials). CV potentials  
ranged from + 0.5 V to -  0.8 V for the forward and reverse cycle and were scanned 
at a rate o f  25 m V  s '1 versus the quasi-reference electrode.
CV s were also perform ed before and after the chronoam perom etry  experim ents  to 
m onito r  the extent o f  O 2 reduction and to confirm electrochem ically  that com plete
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reduction o f  O 2 had been achieved. This was an im portant step to ensure that the 
electrode surface environm ent was conducive to maximal HbS polym erisation and 
growth. Figure 2.2 dem onstrates a pair o f  CV plots perform ed on HbS solution 
before and after the potential step experiment and it can be seen that the CV 
performed prior to O 2 reduction (solid line) has a large shoulder, attributable to O 2 
presence, in the potential range -0.25 V to -0.8 V. This shoulder is not present in 
the CV (dotted line) after the reduction process m eaning  that O 2 had been largely 
removed giving an anaerobic environment.
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Figure 2.2: CV of HbS solution before (— ) and after (---) reduction of 0 : .
From figure 2.2 it can also be seen that ho lding the potential anyw here in the O 2 
shoulder range o f  -0.3 to -0.8 V would cause O 2 reduction and therefore a potential 
o f  -0.55 V versus the quasi-reference electrode was chosen. Furtherm ore, com plete  
deoxygenation  was confirmed e lectrochem ically  by com paring  the m inim um  
charge needed to rem ove all O 2 from a cell with the actual experim entally  obtained 
value. This electrochem ical method o f  polym erisation induction by O 2 depletion is 
referenced as experim ental procedure 2.
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2.7 Optical Microscope Experiments
The potentiostat was coupled with the optical m icroscope to allow the ensuing HbS 
polym erisation process to be followed in situ. A solution o f  HbS and 0.5 M NaCl, 
added as supporting electrolyte to increase the ionic strength, was dissolved in air- 
saturated 1.5 M phosphate buffer (pH 7) and pipetted under the coverslip. The cell 
was placed on the optical m icroscope stage and the electrodes were connected to 
the potentiostat and a CV was perform ed on the background solution o f  1.5 M, pH 
7 phosphate buffer and 0.5 M NaCl before every experiment. A Jenalab optical 
microscope connected to a JVC video camera was used to focus upon either a 
section o f  the electrode or the whole electrode before the start o f  the experiment 
and deoxygenation was perform ed by electrochemical reduction at the electrode (E 
= -0.55 V) using chronoam perom etry  m ethods (see experimental procedure 2). 
C hanges at the electrode were m onitored and images were collected and analysed 
using Presto Video W orks PC data collection software. CV was performed straight 
after the chronoam perom etric  experim ent to confirm disappearance o f  the O 2 
shoulder. The electrochemical cell was cleaned as described in experimental 
procedure 1. The optical m icroscope experimental will be referred to as 
experim ental procedure 5 in d iscussions further in this thesis.
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2.8 Spectroelectrochemistry Experiments
A potentiostat was coupled with the UV-visible spectrophotom eter so that changes 
in turbidity as a result o f  formation o f  protein aggregates could be monitored in 
situ. Hb protein was dissolved in a solution containing both 1.5 M phosphate 
buffer (pH 7) and 0.5 M NaCl and 50 pi ± 10 pi o f  the Hb solution was introduced 
into the cell. High m olarity  phosphate  buffer and NaCl were used to increase the 
ionic strength and thus increase conductivity  o f  the solution. The electrochemical 
cell was fixed vertically  on to the back o f  the therm ostat stage which was clamped 
in position in front o f  the spectrophotom eter light beam. Fixing the cell onto the 
therm ostat allowed relatively easy control and access o f  the HbS solution 
tem perature w ithin the cell.
Both the potentiosta t and the UV-visible spectrophotom eter were started 
sim ultaneously. A bsorption spectra were recorded in kinetic mode with spectra 
being taken every  second or every 2 s whilst deoxygenation o f  Hb solution was 
perform ed e lectrochem ically  (E = -0.55 V versus the quasi-reference electrode). In 
experim ents  w here electrochem istry was not perform ed, solutions o f  phosphate 
buffer w ere thoroughly degassed with a continuous supply o f  Ar prior to the 
experiment. CVs o f  the initial solution were recorded before and after every 
experim ent (+ 0.5 to - 0.8 V versus quasi-reference electrode at a rate o f  25 mV s" 
') and the time o f  the experiments varied from 1000 s to 6000 s. All solutions were 
used within a day o f  their preparation. The cell was cleaned as described in 
experim ental procedure 1. The spectroelectrochem istry  procedure will be referred 
to as experimental procedure 6 in future discussions.
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2.8.1 R to T State Conversion of Hb
Absorption spectroscopy was used to ascertain w hether conversion o f  oxyHbS to 
deoxyHbS had occurred. It was important to spectroscopically  demonstrate the 
mechanistic  R to T state flip as exposure o f  the hydrophobic pocket by which HbS 
molecules aggregate only occurs in the T state. The spectroscopic set-up could also 
be utilised to check the effic iency o f  deoxygenation at specific points during the 
experiment. Figure 2.3 shows the conversion o f  oxyHbS to deoxyHbS at the WE. 
HbS concentration o f  10 m g cm '3, dissolved in a salt solution comprising 1.5 M 
potassium phosphate buffer and 0.5 M NaCl, was used and the electrode was held 
at - 0.55 V for 1000 s. Characteristic  peaks at wavelengths 540 nm and 580 nm 
seen at 0 s indicated the presence o f  oxyHb [83], whilst the reduction o f  O 2 
through potential-step chronoam perom etry  allowed the T state o f  Hb, characterised 
by the replacem ent o f  the two peaks by a single peak at 560 nm, to be formed 
within 200 s. Consequently, all spectra were checked after each experiment to 
ensure com plete  conversion had taken place.
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Fig. 2.3: In situ spectroelectrochemistry experiment showing the conversion o f  oxyHbS to 
deoxyHbS, before electrochemical depletion of oxygen (—) and after 1000 s (— ). The insert 
shows the absorbance between 500 to 620 nm for the same spectra; a conversion of two peaks at 
540 nm and 580 nm to a single peak at 560nm is observed. Experiment conditions: HbS 
concentration 10 mg cm'3; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCl; E = -0.55 V vs Ag/AgCl 
for 1000 s.
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2.8.2 Spectrophotometric Assay for H20 2
A spectrophotometric assay method was also em ployed to ensure that changes in 
absorbance were directly attributed to the formation o f  HbS aggregates. It was 
param ount that the 0 2 reduction reaction proceeded to completion to avoid any
production o f  H20 2, which can cause Hb cell degradation and hem e loss. As
described earlier, the 0 2 reduction reaction at a metal surface is a com plex m ulti­
electron process involving different reaction intermediates, with 0 2 either being 
electrochem ically  reduced directly  to H20  or to intermediate H20 2. Consequently, 
the production o f  H 20 2 in the HbS solution during the course o f  the reduction 
experiment was assayed by a spectrophotom etric technique based on an enzym e 
linked detection system first described by Barham and Trinder in 1972 [84]. 
Essentially the reactions that take place in this system are as follows:
0 2 + HbS (oxidised) —> H20 2 + HbS ( red u ced ) (2 .1)
H20 2 + 4-aminoantipyrene (rcduced) + Peroxidase —> 4-aminoantipyrene (oxidised) (2 .2 )
A ny H 20 2 formed during electrochemical reaction 2.1 is reduced by horseradish 
peroxidase which in turn oxidises 4-am inoantipyrene, the reduced acceptor, to 
produce a chromophore. The following assay mixtures were prepared:
1.55 ml 0.15 M phosphate buffer solution (pH 6.7)
1.55 ml 1 mM EDTA
0.20 ml 1.95 M (pH 6.87) D HSA
0.20 ml 0.3 mg/ml horseradish  peroxidise
The above m ixture  was pippetted into a cell and 50 pi o f  8 mM 4-am inoantipyrene 
was added. A ny production o f  H20 2 would have caused green colouration around 
the WE. The rate at which this chrom ophore  appeared was monitored at 520 nm 
and assays w ere carried out in all th in-layer electrochem ical cells, both in the 
background salt solution and in the HbS solution. Run time o f  this experim ent 
varied from 60 s to 1000 s. The detection limit o f  this assay was estim ated, in a
n
hom ogeneous cell, to be 1 x 10' M. All assays confirm ed that there was no H 20 2 
formation.
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Chapter 3: HbS Aggregation in Pt Coil Cell
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3.1 Introduction
In this chapter, the fabrication o f  the first in a series o f  three robust
electrochemical cells used to house the previously explained HbS coupling
reaction is described. The m odulation o f  HbS fibrous growth at the electrode
surface and the conditions for reproducible  growth o f  HbS aggregates in the Pt coil 
electrochemical cell are presented whilst the visualisation o f  aggregates using 
optical m icroscopy is described. The fabrication o f  an electrochemical cell was 
required to perform electrochemical deoxygenation on small volumes o f  Hb and 
monitor the ensuing effects on protein aggregation, and therefore the methods by 
which optimisation o f  O 2 depletion was achieved in the Pt coil electrochemical cell 
are also explained. Furtherm ore, experim ents depicting the im aging o f  HbS 
aggregates with atomic force m icroscopy (AFM ), using a number o f  imaging 
surfaces and ex-situ  procedures are described.
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3.2 Experimental
3.2.1 Materials, Instrumentation and Procedures
The optical m icroscope experim ents were perform ed according to experimental 
procedure 5. HbS protein was dissolved in air-saturated 1.5 M (pH 7.0) phosphate 
buffer and 0.5 M NaCl was added as supporting electrolyte to make the 
polym erising solution. All experim ents were performed at room temperature unless 
o therwise stated. HbA was used for the control experim ents and the mixtures were 
prepared in the same w ay as HbS solutions. HbS concentrations o f  50 mg cm '3 and 
300 mg cm '3 were prim arily  used as protein concentration needed to be high 
enough for aggregation to occur but also low enough so that protein use was 
m inimised. Pt w ire (d iam eter 0.1 mm, hard temper, 99.99 % purity) and silver (Ag) 
wire (grade 1, d iam eter 0.05 mm) were employed as the electrodes (chapter 3.2.2).  
The general experim ental and all apparatus for the above techniques are described 
in chapter 2.
Ex-situ  AFM experim ents were perform ed using the Dimension 3100 AFM (Veeco 
Instrum ents, Santa Barbara, Ca.) controlled by N anoscope version 6.12 software 
for image collection. Silicon nitride cantilevers were used for both contact mode 
im aging (DNP-S, Veeco, Santa Barbara, Ca.) and tapping mode imaging (OM CTL, 
280kHZ, Veeco, Santa Barbara, Ca) whilst images were analysed using offline 
N anoscope version 6 .13r 1 software and W X SM  software.
HbS aggregates for AFM  im aging were produced using the ex-situ  isothermal 
salting out method (experimental procedure 4). A solution o f  10 mg cm '3 HbS 
protein  was added to pH 7.58, 2.52 M phosphate buffer for the stock and dilutions 
o f  1:50, 1:500 and 1:5000 were made. No sodium dithionite was added. Freshly 
cleaved m ica stuck on a small piece o f  glass was dipped into the HbS fibre solution 
stored under an inert atmosphere. The solution was left to incubate on the m ica for 
10 s and then fixed using 3% glu taraldehyde solution by slowly adding and 
rem oving  the solution from the surface o f  the mica. The fixative was left to set for 
15 minutes and the mica was washed by slow ly im m ersing  into pure water (3 x 200 
pi) and nitrogen dried.
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3.2.2 Construction of Pt Coil Thin Layer Electrochemical Cell
A glass m icroscope slide (25 mm x 50 mm) was used as the base o f  the 
electrochemical cell. Three electrodes (100 pm diam eter coiled Pt wire WE, 100 
pm coiled Pt wire CE and 50 pm  Ag wire RE) were fixed onto the slide and 
connected to copper electrical wires using silver conductive paint. Epoxy sealant 
was applied for electrical insulation and stability and a coverslip was fixed on top 
o f  the electrodes by carefully seeping epoxy resin. Only one edge o f  the coverslip 
was fixed to allow diffusion o f  a tm ospheric  O 2 into the cell and pressure was 
applied when fixing the coverslip to ensure a thin layer was obtained. A schematic 
representation o f  this cell is shown in figure 3.1.
Plan view of thin layer cell
RE WE | 4 CE|.
B ase  
Top cover slip
3 Working electrode coil 
100m m  diam eter Pt wire
Epoxy sealant for 
electrical insulation
Electrode contacts
C ross Section (AB)
•  t
Top cover slip
Solution
B ase
Electrodes
Figure 3.1: Plan view of Pt coil thin layer electrochemical cell incorporating a three electrode 
system with a 100 pm diameter coil shaped Pt wire as the WE, a 100 pm coil shaped Pt wire as the 
CE and a 50 pm Ag wire as the RE. The WE coil was composed o f five turns, whilst the CE coil 
was composed of ten turns. The Ag wire was anodised with AgCl prior to use. A microscope slide 
was used as the base of the cell and a glass coverslip was placed on top to obtain a thin layer. 
Epoxy sealant was applied for electrical insulation. Not to scale.
To obtain good electrochemical m easurem ents  the RE was positioned close to the 
WE whilst the area o f  the CE was twice that o f  the WE. This was achieved by 
doubling  the num ber o f  coils in the counter electrode. All materials used in the 
fabrication o f  the cell were thoroughly  cleaned prior to its construction using 
acetone.
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3.3 Electrochemical Cell Design
Tw o essential features o f  the electrochemical cell, necessary  for m onitoring the 
growth o f  HbS aggregation at an electrode, w ere optical transparency and the 
capacity to perform electrochem istry on small volum es o f  oxygenated HbS 
solutions (i.e. a thin-layer). Optical transparency was essential so that any physical 
or structural changes occurring at the electrode or in the bulk solution surrounding 
the electrode could be easily identified and followed through optical or 
spectroscopic means. This was prim arily  achieved by incorporating an OTE as the 
WE. Even though the Pt coil electrode was not an OTE by definition, it could 
essentially  be classed as one due to the com pact coil geom etry o f  the electrode 
allow ing changes to be followed at different points along the surface. 
Transparency was also achieved by using a non-conductive glass m icroscope slide 
as the base o f  the cell and a plastic transparent coverslip.
Use o f  the coverslip  also ensured small solution volumes. A thin layer o f  solution 
w as necessary  as it enabled minimal use o f  protein material in the solution reaction 
as well as caused the diffusion rate o f  electro-generated species m oving into the 
bulk solution to be increased. In som e electrochemical cells, small solution 
volum es were achieved by housing the electrodes in 1 mm pathlength cuvettes. 
A nother essential attribute was the geom etry  o f  the WE. The incorporation o f  a 
WE whose geom etry allowed a m ore efficient electrochemical reduction o f  O 2 
ensured faster HbS polym erisation  kinetics. Originally, a single Pt wire was used 
as the W E but by changing the geom etry  to a coil, an im proved arrangem ent for O 2 
depletion within the thin layer electrochem ical cell was achieved, see chapter 3.4. 
The fabrication o f  all electrochem ical cells in this thesis followed sim ilar design 
specifications.
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3.4 Optimisation of the Pt Coil Cell
The original design o f  the electrochemical cell incorporated a single Pt wire (25 
pm diameter and 10 mm length) as the WE and not a coil. After unsuccessful 
attempts with this cell, it was thought that the electrical conductivity o f  the W E 
was not high enough to rem ove all o f  the O 2 in the cell combined with the O 2
5 2 1diffusing into the system (D -  1.97 x 10' cm s' ). Therefore, the diameter o f  the 
Pt wire WE was changed from 25 pm to 100 pm. An increase in the diameter o f  the 
electrode not only increases the current passing through it thereby increasing the 
conductivity  but it also increases the surface area exposed to the solution and with 
it the volume o f  HbS solution being reduced (conductivity, 8 = 1 /  (RS  / /), w here R 
is the resistance, / is the length and S  is the cross-sectional area o f  a uniform 
specim en o f  the material). However, although the conductivity and exposed 
surface area increases, the thickness o f  the O 2 reduction diffusion layers from the 
material remains uniform, as thickness is given by A = V 2Dt, and therefore does 
not depend on the dim ensions or properties o f  the material.
Results were finally obtained when the geom etry  o f  the WE was changed from a 
single Pt wire to a compact Pt coil structure o f  100 pm diam eter with a set num ber 
o f  turns (figure 3.1). This was perform ed to increase the O 2 reducing ability and 
achieve more efficient electrochemical O 2 depletion o f  the solution present within 
the coil, not distinguishing between solution directly  in contact with the electrode 
or that present in the bulk within the coil. The main advantage o f  this WE, 
com pared to the Pt wire, was that instead o f  having a uniform O 2 reduction 
diffusion thickness, this geom etry  ensured that O 2 reduction efficiency increased as 
you m oved into the m iddle o f  the coil. However, as the electrode was coiled 
m anually, a m ajor draw back o f  this geom etry  was the inability  to control the exact 
d im ensions o f  the coil such as the num ber o f  turns and the size and the 
com pactness o f  the coil. This meant that reproducibility  o f  results was difficult to 
achieve. In chapter 4, the fabrication o f  a Au m icrom esh cell, built to overcom e 
this problem , and its use in obtaining kinetic rate constants for the nucleation and 
elongation o f  HbS aggregates is described.
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3.5 Growth of HbS Fibrous Structures at Pt Coil Cell
Electrochemical techniques were used to investigate the growth o f  HbS aggregates 
in a thin layer optical cell to establish the conditions which w ould  allow 
reproducibly fast HbS nucleation and polymerisation to occur. The geom etry o f  the 
electrodes was found to be essential for the growth o f  HbS fibrous structures as the 
first structures were only seen w hen the WE was o f  a coiled geometry. The many 
experiments perform ed prior to using a coil did not give any results.
Figure 3.2 shows the changes in structure morphology on the surface o f  the Pt coil 
working electrode w hen a solution o f  33 mg cm °  HbS dissolved in 1.5 M, pH 7.0 
potassium phosphate buffer was reduced (E = - 0.70 V). 5 mM sodium dithionite 
was also added and the solution was degassed for an hour and then stirred for a 
further four hours before any electrochemistry was performed on the solution.
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Figure 3.2: Optical images of a section o f the Pt coil WE at (a) time = 0 s; (b) time = 344 s 
showing the initial stages o f  HbS aggregate formation at the electrode surface. Experiment 
conditions: HbS concentrations 33 mg cm'3; 1.5 M pH 7.0 phosphate buffer; 5 mM sodium 
dithionite; N2 degassing (1 hr); stirring (4hrs); E = - 0.70 V vs. Ag/AgCl for 4000 s.
The fur-like structure, evident in figure 3.2 (b), was the first time structural 
changes at the surface had been seen after electrochemical reduction o f  O 2 . The 
initiation o f  these aggregated structures occurred at time = 344 s and the structures 
subsequently grew in length as the experim ent proceeded. However, due to many 
limitations o f  this preparation, such as the sporadic and non-uniform growth o f  the 
structures across the coil, inconsistent reproducibility o f  results and the long time 
taken for initiation o f  the structures, changes were made to the conditions to 
overcom e these problems. The time taken for the structures to appear can be 
thought o f  as the “delay tim e” and was dependent on the rate o f  deoxygenation and
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rate o f  nucleation o f  aggregation. Consequently, the HbS concentration was 
increased from 33 mg cm ' to well above saturation concentrations o f  300 mg cm ' , 
whilst more importantly 0.5 M N aCl was added to increase the ionic strength and 
thus the conductivity o f  the solution. A high molarity phosphate buffer was 
originally used as studies have shown that high buffer concentrations are 
associated with polym erisation at m uch lower protein concentrations (see chapter 
1.2.5) [31, 32], however, it was found that using buffer lower than 1.5 M did not 
produce any results even when the HbS concentration was significantly increased. 
Further changes included doubling the num ber o f  turns on the coil from five to ten 
turns to try to maxim ise depletion o f  O 2 , whilst the chronoam perom etric potential 
o f  the electrode was also changed to - 0.55 V vs. the quasi-reference electrode, 
instead o f  - 0.70 V, as H 2 gas evolution was observed at potentials higher than - 
0.60 V.
Figure 3.3 shows the surface morphology o f  the coil WE at different time intervals 
w hen a solution o f  300 mg cm '3 HbS dissolved in 1.5 M, pH 7.0 phosphate buffer 
was reduced (E = - 0.55 V vs. Ag/AgCl). 0.5 M NaCl was added and there was no 
degassing or stirring performed and no sodium dithionite added. At time = 0 sec 
the Pt electrode was bare but at time = 163 s the first formation o f  aggregated 
structures was seen. In other words, the onset o f  HbS aggregate formation was 
seen at 163 s, whilst also visible was the elongation o f  aggregates after 3570 s.
Figure 3.3: Optical images of a section o f the Pt coil working electrode at (a) time = 0 s; (b) time 
= 163 s; (c) time = 3570 s showing the nucleation and growth of HbS aggregates. Experiment 
conditions: HbS concentrations 300 mg cm'3; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCl; E = - 
0.55 V vs. Ag/AgCl for 6000 s.
A significant decrease in the delay tim e to 163 s was apparent in this experiment. 
This was primarily due to the addition o f  NaCl w hich increased the ionic strength
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o f  the solution and had a p ronounced  effect on the induction times o f  HbS 
aggregate formation. The high ionic strength also provided a salting out effect for 
solubility purposes and thus, the use o f  NaCl as an additive was present in all 
further experiments. Ionic strength and salt type have been shown previously to 
influence aggregation and growth o f  HbS fibres in o ther experim ental systems 
[85]. These measures decreased the delay times o f  nucleation and increased the 
growth rate through an increase o f  factors which affect polym er formation and 
hence improved experim ental reproducibility.
In vivo Hb concentration per red blood cell (M CHC) is 320 mg cm "1 to 360 mg cm 
' [86] and the ionic strength o f  blood plasm a is 0.16 M [87], I he choice o f  300 mg 
cm"1 as the protein  concentration allowed a direct com parison to be m ade with 
polym erisation in vivo. However, a system where lower ionic strength solution can 
be used still needs to be developed. Furthermore, it was also noticeable that the 
aggregated  structures present in the optical m icroscope images in figure 3.3 did not 
look fibrous (unlike the single fibres observed in figure 1.10 in chapter 1.3.5). This 
was primarily due to the low resolution available with the optical m icroscope as 
well as possibly an increased gelation effect occurring with the use o f  
electrochem istry  and thus obscuring individual fibres. Thus, the exact nature and 
structure o f  these aggregates could not be distinguished using the optical 
m icroscope and further studies will need to be performed using AFM to elucidate 
the exact structural nature o f  the e lectrochem ically  modulated aggregates.
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3.6 Control Experiments
The control experiments performed in this investigation consisted o f  substituting 
HbA for HbS under the same electrochemical conditions in the thin layer cell. 
Once O2 was removed, there was no aggregation o f  HbA observed on or near the 
coil at the end o f  an experiment over a period o f  6000 s, figure 3.4 (b) versus 3.3 
(c).  The only difference between HbA and HbS is a single amino acid (P6 glutamic 
acid to valine); HbA m onom ers do not tend to aggregate even though exposure o f  
the hydrophobic pocket occurs in HbA when in the T allosteric state as charge and 
size effects prevent 6p glutamic acid from binding. Therefore any differences seen 
in the results perform ed with either protein was directly attributable to this single 
amino acid variation. This provided the most com pelling evidence that those 
structures seen on the electrodes were HbS polymers and higher order aggregated 
structures and not as a result o f  other factors, such as salt precipitation. 
Furtherm ore, aggregated structures whose growth had been m odulated 
electrochem ically  were also seen to disappear once the potential had been switched 
to open circuit and O 2 had been allowed back into the cell. This reversibility 
displayed upon reoxygenation is not only specific to our system but also occurs 
physiologically in the blood vascular system [88].
Figure 3.4: Optical images of a section of the Pt coil we when HbA solution was 
electrochemically deoxygenated. No fibre formation is seen at (a) time = 162 s; or (b) time = 5280 
s. Experiment conditions: HbA concentration 310 mg cm'3; 1.5 M pH 7.0 phosphate buffer; 0.5 M 
NaCl; E = - 0.55 V vs. Ag/AgCl for 6000 s.
HbA was an excellent control protein to use due to the high degree o f  similarity 
between the structures o f  HbA and HbS on the one hand but the contrasting
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polym erising behaviour on the other. Consequently, HbA control experiments 
consisting o f  the same conditions and procedures were used in all subsequent 
experiments including those performed with the Au m icrom esh cell, Pt matrix cell 
aswell as the direct electrochemistry experiments (data not shown for all control 
experiments).
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3.7 Stages of Growth
Another aspect w hich was investigated was the nature and rate o f  growth o f  these 
optically visualised aggregated structures over the time-course o f  the experiment. 
The optical m icroscope images showed three distinct stages o f  HbS growth. The 
first stage, occurring from 0 s to 200 s, was the time delay where no growth was 
observed. This was followed by early stage growth consisting o f  single hair-like 
strands protruding out o f  the electrode and these structures were apparent from the 
initiation o f  growth till approxim ately 2000 s (figure 3.3 (b) and figure 3.5 (a)). 
Finally, late stage growth occurred from 2000 s to 6000 s and showed structures 
which were gel-like, consisting o f  domains and cells rather than hair like fibres, 
protruding into the bulk solution (figure 3.5 (b)). This was an interesting aspect 
present in all HbS aggregation experiments observed with the Pt coil cell.
Figure 3.5: Optical images of the Pt WE in (a) the early stage growth, time = 338 s; (b) the late 
stage growth, time = 4047 s. Experiment conditions: HbS concentrations 350 mg cm'3; 1.5 M pH 
7.0 phosphate buffer; 0.5 M NaCl; E = - 0.55 V vs. Ag/AgCl for 5000 s.
Furthermore, optical images also showed that the formation o f  these aggregated 
structures initially occurred only at the electrode surface and not in the bulk 
solution (figure 3.6 (a)). The geometry o f  the WE indicated that com plete O 2 
reduction o f  the HbS solution present within the coil should be achieved, whether 
it was the solution directly in contact with the electrode or that present in the bulk 
within the coil. Therefore, protein aggregation should have occurred at the 
electrode surface and in the bulk solution inside the coil simultaneously, but this 
was not seen. This was probably because growth at the surface was 
therm odynam ically  more favourable than growth in solution, due to the fact that 
the surface fixed molecule orientation, contributed to alignment and most
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importantly acted as an anchor for the attachm ent o f  HbS molecules. The 
conducting electrode surface itse lf  could be thought o f  as an existing polym er on 
which growth o f  new  polym ers occurred. Once aggregation had occurred at the 
electrode, further nucleation on existing polymers, diffusion o f  aggregated 
structures away from the electrode and fibre breakage led to fibres in the bulk 
solution acting as nucleating centres, along with dirt or salt molecules, for the 
initiation o f  more polymers (figure 3.6 (b))
Figure 3.6: Optical images of the Pt WE in (a) time = 1276 sec ; (b) time = 4989 sec. Experiment 
conditions: HbS concentrations 350 mg cm'3; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCl; E = - 
0.55 V vs. Ag/AgCl for 5000 sec.
The growth o f  HbS aggregates as seen with the optical images suggested that HbS 
aggregation occurs through a three step m echanism  at the surface. The first step is 
the time delay before any growth is observed, followed by two distinct stages o f  
growth as seen in figures 3.5 (a) and (b). This is in contrast to the traditional 
double nucleation model for HbS polym erisation consisting o f  hom ogeneous 
nucleation, which exhibits a delay time before the formation o f  polymers, and 
heterogeneous nucleation, which involves the exponential growth and branching o f  
polym ers on existing polymers. Further experiments with UV-visible spectroscopy 
were conducted to distinguish the m echanism  o f  growth at the surface com pared to 
growth in solution (see chapter 5).
It was also seen from the optical experiments that the nature o f  the 
electrochemically modulated aggregated structures on the electrode surface was 
different when differing additives were used. Figure 3.7 shows the late stage 
growth o f  two experiments, one where 5 mM sodium dithionite has been used and 
another in which 0.5 M NaCl was added. The optical image where sodium
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dithionite was em ployed is noticeably distinct from the one in which N aC l had 
been used. The presence o f  granular structures in the solution surrounding the 
electrode is noticeable with sodium dithionite, whilst the fibres protruding from 
the electrode with sodium dithionite are also more com pact and less domain-like 
than its counterpart. Sodium dithionite is a highly unstable reducing agent which 
scavenges residual O 2 , even being consum ed by reducing atmospheric (as opposed 
to solution and HbS bound) O 2 . Furthermore, H 2O 2 results, i f  all the dithionite is 
not used up, which damages the protein. Consequently, the differences in 
structures seen in these images could have been as a result or a com bination o f  
these factors. The granular structures and non-domain like structures present in 
figure 3.7 (a) could be pockets o f  protein damage present in the solution due to the 
presence o f  peroxide.
Figure 3.7: Optical images of the Pt WE showing the differences in growth when different 
additives (a) 5 mM sodium dithionite; (b) 0.5 M NaCl were used. Experimental conditions: HbS 
concentrations 300 mg cm'J; 1.5 M pH 7.0 phosphate buffer; E = - 0.55 V vs. Ag/AgCl for 5000 s.
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3.8 Growth Rate
A video clip o f  the growth o f  HbS aggregation at a bare Pt coil electrode was made 
by performing an experiment in which optical images o f  a small section o f  the Pt 
coil electrode was taken every 20 s over a period o f  6000 s and the images were 
linked together using image processing software. The video showed the change in 
protein morphology from a strand like to a globular cell like structure on the 
surface o f  the electrode. Figure 3.8 shows a single image o f  the Pt electrode at 240 
s (the film clip o f  the growth o f  protein fibres at the Pt electrode is available online 
as electronic supplementary inform ation [89]).
Figure 3.8: A single optical image o f  a section of the Pt coil WE taken at 240 s as part o f  a video 
clip showing growth of HbS aggregates at the surface. Experiment conditions: HbS concentrations 
354 mg cm*3; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCl; E = - 0.55 V vs. Ag/AgCl; run time 
6000 s.
The growth rate o f  the HbS fibres shown in the video clip was ascertained by 
measuring the length o f  the hairy fibrous structures in each image and plotting a 
graph o f  growth length versus time, figure 3.9. For the growth rate m easurem ents a 
time period o f  only 2200 s rather than the full 6000 s was used as after 2200 s the 
structures becam e highly globular making it very difficult to accurately obtain a 
definite length measurement.
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Figure 3.9: Graph of HbS growth (pm) vs. time (s) depicting the growth of fibrous structures over 
an experiment lasting 2200 sec. Experiment conditions: HbS concentrations 354 mg cm” : 1.5 M 
pH 7.0 phosphate buffer: 0.5 M NaCl: E = - 0.55 V vs. Ag'AgCl; run time 2200 s out of 6000 s.
The plot shows a slightly sigmoidal relationship with the initial period o f  growth 
(0 s to 150 s) being steeper than the rest o f  the plot indicating that the delay time 
was a major contributing factor to the kinetics o f  polymerisation. The growth rates 
o f  the first and second phase o f  the bi-phasic relationship w ere calculated to be 67 
(± 8) nm s’1 and 40 (± 5) nm s"1 respectively and the average growth rate at this 
section o f  the Pt coil electrode was calculated to be 54 (± 9) nm s’1.
Table 3.1 shows the average growth rate o f  HbS fibres formed free in solution [42] 
com pared with the fibre growth rate at a Pt coil electrode (figure 3.9). 
Electrochemical modulated fibre growth was seen to be slower than those formed 
free in solution, however, the time lines for the different sets o f  experiments were 
not taken into account as the electrochem ically  grown protein aggregates could 
only be measured up to 2200 s and not the full 6000 s. Fibre growth rate values o f  
between 0.1 pm s '1 and 2 pm s ' 1, determined in another study [73]. through 
observation o f  the growth o f  cut end fibres were in accordance with the values for 
growth rates seen in table 3.1.
64
HbS Aggregation in Pt Coil Cell Chapter 3
1 HbS conc. 
(mg cm '3)
Tem perature 
(° C)
Average growth rate 
(pm s '1)
1
830 28.0 0.116 (± 0.007) 1
2
850 28.0 0.363 (± 0.128)
3
870 25.3 0.289 (± 0.079)
4
354 25.0 0.054 (± 0.009)
Table 3.1: Average growth rates of HbS fibres formed free in solution (rows 1. 2 and 3) taken 
from a study performed by Samuel et a i  [42] compared to the average growth rate at a Pt coil 
electrode (row 4). Grow th of HbS fibres formed free in solution were determined from serial video 
frames shown by video-enhanced DIC microscopy: HbS concentration 830 mg cm \  850 mg cm ' 
and 870 mg cm 1 dialysed into 0.1 M potassium phosphate (pH 7). deoxygenated at 2 °C in an 
anaerobic glove box with 50 mM sodium dithionite. Solutions were kept on ice and polymerisation 
was induced with a temperature jump to temperatures of 28 °C\ 28 °C and 25.3 °C' respectively. 
The first fibres were seen 102 minutes after the temperature jump. I'xperimental conditions for 
HbS aggregates grown at a Pt coil electrode see figure 3.9.
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3.9 AFM
AFM, a high-resolution scanning probe m icroscopy technique, consists o f  a 
microscale cantilever with a sharp tip which is used to probe the surface o f  the 
specimen and can be used to image the growth o f  individual HbS fibres (o f  
diameter 21.5 nm) at specific points in the polym erisation cycle. When the tip is 
brought into the proximity o f  a sample surface, forces between the tip and the 
sample lead to a deflection o f  the cantilever and the deflection is measured using a 
laser spot reflected from the top o f  the cantilever into an array o f  photodiodes. 
This technique can be used to investigate the fundamental properties o f  nucleation 
and growth o f  HbS at a surface, such as induction times and growth rates whilst 
AFM also allows fibre spacing and length m easurem ents to be carried out 
accurately enabling the kinetics and dynam ics o f  polym erisation as well as the 
orientation o f  growth to be investigated. For delicate or soft samples such as 
proteins the tapping mode is used, as in contact mode the cantilever drags across 
the surface at constant force which can result in surface dam age to the sample.
A num ber o f  ex-situ  and in-situ  AFM experiments, using contact and tapping mode 
in air and liquid, were performed to try to visualise the HbS fibrous and polymeric 
state o f  aggregated deoxyHbS. However, even though a number o f  procedures, 
including a variety o f  fibre formation techniques, and a range o f  conditions such as 
different protein concentrations, pHs and temperatures were attempted, only one 
image was obtained which showed the presence o f  fibre-like structures. The lack 
o f  HbS fibre images were most likely due to the sensitivity o f  the system to CF as 
even small amounts o f  CF could have caused fibres to dissolve, especially at the 
low protein concentrations being used, whilst num erous salt effects also becam e 
apparent when using the liquid tapping m ode o f  the AFM.
Figure 3.10 shows an AFM image o f  HbS protein on m ica and the presence o f  two 
fibre-like structures can be seen in the image (shown by arrows). In this 
experiment, 10 mg cm '3 HbS protein was used and the HbS polym er solution was 
dip coated onto the mica surface and incubated for 10 s. As the im aging was 
perform ed in air a fixative (glutaraldehyde) was used to fix any fibres onto the 
surface before any interaction with CF occurred.
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Figure 3.10: Dimension AFM imaging of HbS protein aggregates on freshly cleaved mica (scan 
size 10 pm; z height 75 nm; amplitude 1.0 V; drive amplitude 153.4 mV; silicon nitride tips (1 
Q)); HbS aggregates were formed with 10 mg cm° HbS protein in pH 7.58, 2.52 M phosphate 
buffer using experimental procedure 4. Mica surface was dip coated with the HbS aggregate 
solution stored under an inert atmosphere, incubated for 10 s and fixed using 3% glutaraldehyde 
solution.
The height o f  these two structures (height = 35 nm to 45 nm) seen in the image 
were measured to be similar to the diameter o f  a single HbS fibre (figure 3.11), 
whilst these structures were also seen to be protruding from nodes and situated 
right on the edge o f  the protein and mica interface. However, it cannot be 
conclusively stated that these structures were HbS fibres as there was also a 
possibility that it could have been due to the presence o f  impurities in the system 
before the fixative was applied. M ost o f  the experiments performed with HbS 
fibre solution deposited on mica and imaged in air showed a thick protein crust on 
the surface and the presence o f  nodes which could have been nucleating sites for 
the formation o f  HbS polymers. However, many experiments showed no images o f  
fibres probably due to leaking o f  O 2 into the system. In-situ  experiments were 
performed using an electrochemical cell but no fibres were seen.
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Figure 3.11: Figure showing the dimensions of the two fibre like structures seen in figure 3.10. 
For (a) the length = 300 nm, width = 75 nm, height = 45 nm; (b) the length = 350 nm, width = 100 
nm, height = 35 nm. For experimental conditions and image parameters see figure 3.10.
Studies involved in monitoring the events associated with HbS polym erisation 
have generally used DIC microscopy as the main visualising tool, as explained in 
chapter 1. This is because DIC microscopy allows structures to be viewed in real 
time without the limitations o f  invasive preparatory methods, thus allowing the 
kinetics, gel rheology and pathogenesis to be related to the underlying gel 
structure. However, AFM obviously has the great advantage o f  being able to image 
at far lower resolutions thus making it possible to image the growth o f  single HbS 
fibres. To date, only one set o f  AFM  images on HbS fibres can be found in the 
literature [41], shown in figure 3.12, because gelation o f  the solution due to 
polym erisation makes imaging o f  the surface extremely difficult. Further work is 
required to produce a working system for the in-situ  and ex-situ  imaging o f  HbS 
fibres.
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Figure 3.12: AFM images o f deoxyHbS polymers showing a variety of polymeric structures 
formed at 35 °C in a 220 mg cm 3 concentrated HbS solution: (a) Low-resolution image showing a 
variety of polymeric structures; (b-d) Higher resolution images showing thicker fibres consist of 
thin polymers o f 22 nm diameter. The fibres were cross-linked with glutaraldehyde solution [41]
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3.10 Conclusions
It was found that polymerisation o f  HbS could be observed by CH depletion using 
electrochemical reduction in a thin layer cell. The geom etry o f  the WE was found 
to be essential for the growth o f  HbS aggregates as previous attempts with a Pt 
wire electrode did not produce any results. HbS polym erisation was visualised in a 
Pt coil electrochemical cell with an optical microscope and the conditions for 
reproducible growth o f  HbS aggregated structures at the Pt coil electrode was 
shown to be: HbS concentration o f  300 mg cm '3 in 1.5 M, pH 7.0 phosphate buffer 
with the addition o f  0.5 M NaCl and the electrode held at a potential o f  E = - 0.55 
V versus Ag/AgCl. The use o f  high concentration buffer, and more importantly the 
addition o f  NaCl increased the ionic strength and the conductivity o f  the solution, 
and also provided a salting out effect for solubility purposes.
It was also dem onstrated that three stages o f  polym erisation were seen from the 
optical images. The first was a time delay when no structures were observed and 
thi s could be thought o f  as the nucleation step. This w as follow ed by twro growth 
stages o f  HbS polymerisation, firstly growth o f  fibrous hair-like strands at the 
electrode surface and secondly globular and gel-like aggregation in the latter 
stages o f  the experiment. Furthermore, formation o f  the aggregated structures was 
seen to occur only at the electrode surface initially and not in the bulk solution 
showing that growth at the surface w'as therm odynam ically  more favourable than 
in solution. The average growth rate at a section o f  the bare Pt coil electrode, 
calculated to be 54 (± 9) nm s’1, was in accordance with those presented in 
literature. Control experiments perform ed with non-polym erising HbA instead o f  
HbS did not show growth o f  any structures at the electrode surface. Overall, an 
electrochemical technique was developed using an optimised thin layer Pt coil cell 
and the conditions for reproducible HbS aggregate growth and the different stages 
o f  polym erisation were characterised.
70
HbS Aggregation in An Micromesh Cell Chapter 4
Chapter 4: HbS Aggregation in Au Micromesh Cell
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4.1 Introduction
In this chapter, HbS aggregate formation at the surface o f  another in-house built 
thin layer electrochemical cell, a Au m icromesh cell, is described. A methodology 
for the monitoring o f  HbS aggregation at the Au m icrom esh electrode by detecting 
turbidity changes as a result o f  light scattering caused by the polymerisation o f  
HbS is presented. The kinetics o f  polym erisation using a model for fibrillogenesis 
describing a two-step process o f  nucleation followed by elongation is described, 
and the rate constants for two concentrations o f  HbS m onom er, 50 mg cm '3 and 
300 mg cm '3, have been determined. The nature o f  protein growth from optical 
microscope images is also compared with the Pt coil cell whilst the effect o f  DPG, 
a negatively charged allosteric effector is explored for further optimisation o f  HbS 
polym erisation conditions.
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4.2 Experimental
4.2.1 Materials, Instrumentation and Procedures
The UV-visible spectroelectrochemistry experiments were performed according to 
experimental procedure 6. HbS or HbA were dissolved in 1.5 M (pH 7.0) 
phosphate buffer solution and NaCl was added as supporting electrolyte. For DPG 
experiments, 3 mM, 5 mM and 100 mM concentration o f  DPG was added to a 
solution containing Hb protein, 1.5 M (pH 7.0) phosphate  buffer and 0.5 M NaCl 
and the UV-visible spectroelectrochemistry  experiment was performed in the same 
manner described previously. All experiments were performed at room temperature 
unless stated otherwise. The electrodes used for constructing the cell were Au 
m icromesh (aperture size 250 pm, plain weave wire diam eter 60 pm, 82 grids per 
inch, 99.99 % purity) as the WE, Pt wire (diam eter 100 pm, hard temper, 99.99 % 
purity) as the CE and silver (Ag) wire (grade 1, diam eter 25 pm) as the RE. Au 
wire (diam eter 250 pm, hard temper, 99.99 % purity) was used as the connection 
between the WE and the copper wire. The general experimental and all apparatus 
for the above techniques are described in chapter 2.
73
HbS Aggregation in Au Micromesh Cell Chapter 4
4.2.2 Construction of Au Micromesh Thin Layer Electrochemical 
Cell
A robust and easily constructed thin-layer cell was designed specifically for 
spectroelectrochemical m easurem ents in a similar way to the construction o f  the Pt 
coil cell. Figure 4.1 (a) shows a schematic representation o f  this cell and figure 4.1 
(b) shows an actual image o f  the cell. Three electrodes - A u m icrom esh (3.0 mm 
by 4.0 mm) WE, 100 pm coil shaped Pt wire CE and 25 pm  Ag wire RE - were 
placed in a quartz cuvette (1 mm pathlength) which had been cut in h a l f  to 
minimise the volum e and connected to copper electrical wires using silver 
conductive paint. Au w ire (diam eter 250 pm) was looped through one o f  the 
apertures and used as the connection between the micromesh and the electrical 
wire and the connections were covered with epoxy resin to provide stability as well 
as to provide an impervious and non-conductive layer. A thin layer o f  typical total 
volum e o f  100 pi ± 10 pi was produced (measured by the volume o f  solution 
required to completely fill the cell). Black tape was used to blank most o f  the 
cuvette from the light beam, except for a small w indow  on the Au m icromesh 
electrode (1.0 m m  by 1.5 mm). All materials were thoroughly cleaned prior to its 
construction using acetone.
Base
Top cover slip
Pt counter electrode 
lOOimn diameter wire
Working electrode Au 
mesh 60mm diameter wire
Ag wire 2? mm diameter
Epoxy sealant for 
electiical insulation
Electrode contacts
Top cover slip
Solution
Base
Electrodes
Figure 4.1: Figure showing (a) Schematic o f  the plan view (not to scale) (b) Actual image of the 
Pt micromesh thin layer electrochemical cell incorporating a three electrode system with a Pt 
micromesh (aperture size 250 pm) as the WE, a 100 pm coil shaped Pt wire CE and a 25 pm Ag 
wire RE. The Ag wire was anodised with AgCl prior to use. The electrodes were housed in a 
cuvette. Figure (b) shows the black tape covering the back of the cuvette used to blank the light 
beam.
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4.3 Growth of HbS Aggregated Structures
Figure 4.2 shows the change in m orphology o f  the Au micromesh surface when 
HbS solution o f  concentration 300 m g cm '3 was electrochem ically  deoxygenated. 
At time = 0 s the Au electrode was bare and at time = 1458 s the first formation o f  
‘globular structures’ at the electrode was seen (Figure 4.2 (b)) which subsequently 
grew as the experiment proceeded (Figure 4.2 C). However, no fibrous strand-like 
structures were seen. The time taken for the structures to appear was again 
dependent on the rate o f  deoxygenation and rate o f  nucleation o f  aggregation.
The main difference between the growth o f  HbS protein aggregates at the Pt coil 
and Au m icrom esh, as seen from the optical images, was the lack o f  any hair-like 
strands present. W hereas growth o f  HbS fibrous structures at the Pt coil electrode 
was seen to occur in a three step mechanism, going from an initial delay to the 
formation o f  hair-like strands protruding from the surface o f  the electrode and 
finally to the formation o f  globular cell-like structures. The formation o f  protein 
aggregates at the Au micro-mesh electrode occurred with the establishment o f  the 
globular structures straight after the time delay. No hair-like strands were 
noticeable from any o f  the images.
Although the reasons behind the lack o f  early stage hair like fibrous growth in the 
Au micro-mesh cell was not clear, one possibility  could have been that the 
constrained geom etry o f  the mesh electrode did not allow observation o f  the early 
stage growth whilst another reason could have been faster polym erisation kinetics 
not allowing visual observation. Control experiments with the same concentration 
o f  HbA protein at the thin-layer cell showed no aggregation o f  HbA, on or near the 
micro-mesh, at the end o f  an experim ent over a period o f  4500 s, Figure 4.2 (d) 
versus (e).
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Figure 4.2: Optical microscope images showing HbS aggregate growth and the control HbA at the 
Au micromesh WE. Experiment conditions: HbS concentration 300 mg cm'3; 1.5 M pH 7.0 
phosphate buffer; 0.5 M NaCl; E = -0.55 V vs. Ag/AgCl for 4500 s. (a) HbS at 0 s; (b) HbS at 
1458 s; (c) HbS at 3327 s; (d) HbA at 0 s; (e) HbA at 4500 s
Optical transparency was achieved by using an optically transparent m esh as the 
W E whilst a thin layer was obtained by housing the electrodes in a 1 mm 
pathlength cuvette. The m icrom esh geometry allowed a more efficient 
electrochemical reduction o f  O 2 than a coil. Thiol modifications o f  the A u surface 
allowed surface properties to be changed easily thus enabling the effect o f  surface 
properties on nucleation and growth o f  HbS aggregates to be investigated (Chapter 
6.6.2). Au surface has the advantage o f  undergoing fast and simple protein  
desorption and rapid thiol cleavage. Complete deoxygenation at the m icrom esh 
electrode was confirmed electrochemically  by com paring the m inim um  charge 
needed to remove all O 2 from a cell o f  total volum e 50 pi air-saturated Hb 
solution, calculated to be 1.93 x 1 O’3 C, with the experimentally obtained value o f  
1.00 x 10'2 C passed over a period o f  4500 s. CV o f  the solution, perform ed after 
chronoam perometry, also showed the absence o f  the O 2 present in the HbS solution 
at the start o f  the experiment, as illustrated in Figure 2.2. Furthermore, figure 2.3 
shows that the conversion o f  oxyHbS to deoxyHbS at the mesh electrode occurred 
within 200 s.
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4.4 Turbidity Measurements of HbS Aggregated Structures
O nce the induction and growth o f  HbS fibres had been visualised with optical 
microscopy, in situ  UV-visible spectroelectrochem istry  was employed to m onitor 
and characterise the kinetics o f  growth at the same electrochemical thin layer cell. 
The absorption spectroscopy technique permitted a m ore quantitative approach to 
m onitoring growth compared with optical m icroscopy, whilst the increased 
sensitivity o f  the absorption spectroscopy technique also allowed the detection o f  
aggregate formation at far lower concentrations.
In this set-up the change in turbidity over time was a measure o f  the extent o f  
polym er formation at the mesh electrode. The m icro-m esh arrangement allowed 
optical transparency so the presence o f  any aggregated protein structures in the 
apertures, formed due to electrochemical reduction o f  O 2 in situ, could be detected 
as a result o f  w avelength independent light scattering caused by the polymers. 
Turbidity  values were determined from the absorbance according to the relation A 
= log (/0/7), where turbidity = ( /0//). The intensity o f  scattered light by a particle is 
proportional to the mass squared, so a few large fibrils will scatter the same 
amount o f  light as many sm aller fibrils. However, care was taken over the 
experimental conditions and the starting sample to ensure the solution was 
com posed o f  only protein m onom ers meant that the results obtained were accurate 
and reproducible.
At a protein concentration o f  300 m g cm '3 (the same as used in the optical 
microscopy experiments) large time dependent increases in turbidity were seen 
over the wavelength range 600 to 1100 nm, figure 4.3. This wavelength- 
independent turbidity was directly due to light scattering caused by the formation 
o f  HbS aggregated structures. The blank in this experim ent was the HbS solution 
before the potential was applied, so the spectra shown in figure 4.3 shows the 
change in turbidity  relative to the starting solution.
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Figure 4.3: Wavelength independent light scattering due to formation of HbS fibres by 
electrochemical reduction o f O2 at Au micromesh electrode. Experimental conditions: HbS 
concentration 300 mg cm'3 in 1.5 M phosphate buffer (pH 7.0); 0.5 M NaCl; E = -0.55V vs. 
Ag/AgCl for 4500 s.
The rate o f  turbidity change at four specific wavelengths, 600 nm, 650 nm, 700nm 
and 800 nm were monitored to investigate the kinetics o f  nucleation and growth, 
both at the early and latter stages o f  the polym erisation process. These four 
wavelengths were thought to represent the best points at which these processes 
could be observed. W avelengths below 600 nm are associated with the 
m acrom olecular structure o f  the protein, in particular the effects o f  Soret bands 
upon interaction with photons and thus w ere not included in these results.
Figure 4.4 shows time traces for changes in absorbance at the aforem entioned 
wavelengths. The time traces in figure 4.4 are from the same results as that o f  
figure 4.3. The results showed that the rate o f  change in turbidity at each 
wavelength  followed a sigmoidal pattern with an initial lag period up to 1000 s 
w here little increase in absorbance was apparent (turbidity less than 2.00). This 
was followed by a large exponential increase from 1000 s to 4500 s w here the 
turbidity increased forty fold to 85.36.
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Figure 4.4: UV-visible spectroelectrochemistry time traces for HbS showing changes in turbidity 
at Au micromesh electrode. Experimental conditions: HbS concentration 300 mg cm'3 in pH 7.0, 
1.5 M phosphate buffer; 0.5 M NaCl; E = - 0.55 V vs Ag/AgCl for 4500 s.
The initial period up to 1000 s incorporates the nucleation step as well as limited 
growth on the electrode surface and hence light scattering due to HbS aggregation 
is minimal. A fter 1000 s, elongation and further nucleation on existing fibres gives 
rise to extended growth and branching on the electrode surface and into the bulk 
solution thereby causing intensive light scattering. Consequently, a large increase 
in absorbance is obtained. The Au m icrom esh  cell data did not provide further 
evidence to the hypothesis that nucleation and growth at a conducting electrode 
surface follows a three stage process (nucleation, early stage growth and late stage 
growth). This data was fitted to a kinetic schem e model which is explained in 
detail in section 4.6.
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4.5 Control Experiments
Control experiments were performed to show that the turbidity changes seen at the 
electrode with HbS was due to fibre formation and growth. 
Spectroelectrochemistry experiments were run with HbA protein under the same 
conditions, figure 4.5, and as before, no significant turbidity  changes were seen at 
the mesh electrode especially at the wavelength range 650 nm to 1100 nm. A slight 
increase in turbidity was seen at 600 nm but this could be attributed to structural 
modifications due to the deoxygenation o f  the protein.
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Figure 4.5: Wavelength independent light scattering of HbA at Au micromesh electrode as a 
result o f  electrochemical reduction o f  0 2. Experimental conditions: HbA concentration 300 mg 
cm*3 in pH 7, 1.5 M phosphate buffer; 0.5 M NaCl; E = - 0.55 V vs. Ag/AgCl for 4500 s.
M oreover, absorbance changes m onitored at the four specific wavelengths (600 
nm, 650 nm, 700 nm and 800 nm) from the same HbA experiment as figure 4.5 
showed no significant increases in turbidity  especially  at 700 nm and 800 nm and 
there  was no characteristic sigmoidal relationship, figure 4.6. The change in 
turbidity  at 700nm for HbA (1.26 at 4500 s) was approxim ately forty  six times 
low er than the turbidity measured for the same experiment with HbS in the same 
cell (59.37 at 4500 s). The HbA controls data provided strong evidence that any
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2000 sec 
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changes in turbidity with HbS w ere due to HbS aggregation and growth, induced 
through electrochemical deoxygenation.
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Figure 4.6: UV-visible spectroelectrochemistry time traces for HbA showing changes in turbidity 
at Au micromesh electrode. Experimental conditions: HbA concentration 300 mg cm'3 in pH 7.0 
1.5 M phosphate buffer; 0.5 M NaCl: E = - 0.55 V vs. Ag/AgCl for 4500 s.
Absorption spectroscopy was also used to ascertain complete conversion o f  
oxyHbS to deoxyHbS, see chapter 2.8.1 (figure 2.3). It was important to 
spectroscopically  dem onstrate the mechanistic  R to T state flip as exposure o f  the 
hydrophobic pocket by which HbS molecules aggregate only occurs in the T state.
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4.6 Kinetics of Protein Aggregating Systems
One o f  the typical kinetic characteristics in protein fibre formation is a nucleation- 
dependent polymerisation m echanism, used to analyse a m echanism composed o f  
an initial nucleation phase and an elongation phase. Examples o f  such protein 
aggregating systems include HbS polym erisation [90], P-amyloid fibrillogenesis 
[91] and silk fibroin [92]. In p-amyloid fibrillogenesis, unstructured monomers in 
solution nucleate and form a critical nucleus which in turn forms intermediate 
peptides termed protofibrils. These intermediaries subsequently act as precursors 
by associating end to end and laterally and thereby elongating the protofibrils to 
form fibrils. Furthermore, a reservoir o f  micelle m onom er associates is formed 
once the concentration exceeds a certain level called the critical m icelle 
concentration (CM C), which allows an autocatalytic reaction for the aggregation o f  
P-amyloid [91, 93]. The assembly process o f  silk fibres occurs in a similar manner. 
The defining characteristic in all o f  the above m entioned protein aggregating 
systems is the formation o f  an ordered nucleus. Nucleus formation is a 
therm odynam ically  unfavourable interaction because the entropic cost encountered 
upon loss o f  molecular m ovem ent does not outweigh the resultant in term olecular 
polym er lattice formation. Upon nucleation, further monom ers contact the grow ing 
polym er at m ultiple sites leading to rapid polym erisation and growth. Sabate et al. 
[93] have used a modification o f  the mathematical model developed by Kam ihira 
et al. [94] to propose a simple two step autocatalytic reaction mechanism for p- 
amyloid fibril formation, thereby perm itting quantitative m onitoring o f  the kinetics 
o f  fibrillogenesis and enabling the nucleation rate and elongation rate to be 
determined. Knowledge o f  these rate constants is key to understanding the 
underlying m olecular factors which govern fibril nucleation and growth.
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4.6.1 Kinetics of HbS Polymerisation
For HbS polymerisation, many studies have been devoted to investigate the 
kinetics using a large variety o f  techniques [53-56, 59-62] and the results from all 
o f  these techniques have shown the same basic kinetic features o f  polymerisation, 
a sigmoidal time course for polym erisation o f  an initially polymer-free solution, 
see Figure 1.8 for a typical progress curve for HbS polym erisation. A marked delay 
in the initial part o f  the progress curve, during which no signal is observed, 
corresponds to the nucleation time or the time taken to form the critical nucleus. 
The energetic gain needed to form critical nuclei is dependent on the initial 
concentration o f  HbS. The nucleation time is also found to be related to the 
solubility o f  HbS, and thus dependent on the variables which alter the solubility o f  
HbS. The effect o f  variables which alter the solubility o f  HbS on the nucleation 
and growth o f  polym erisation has been investigated at a Pt matrix electrochemical 
cell in chapter 5. Nucleation is followed by a com paratively fast and highly 
autocatalytic formation o f  polymer.
The kinetic scheme developed for the fibrillation mechanism o f  human calcitonin 
by Kamihira et al. [94] and subsequently modified for p-amyloid fibrillogenesis by 
Sabate et al. [93] was be fitted to our HbS polymerisation data. To analyse the 
kinetic properties o f  a system where non-aggregated Ap becomes aggregated 
fibrillar Ap the nucleation process can be expressed as:
k\
x\M —> P n (4.1)
and the elongation process can be described as:
k-2
M + P n  — / V i  (4.2)
with M  representing m onom eric HbS, n the num ber o f  HbS molecules and P n the 
fibre nucleus. The kinetics o f  the process is controlled by two key param eters, the 
nucleation rate constant k ], and the elongation described by the rate constant k:. 
The overall kinetic equation for the nucleation and growth o f  the fibres can be 
expressed as in:
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where /  is the fraction o f  fibres in the system and a is the initial concentration o f  
HbS in the solution. Equation 4.3 can be integrated under the boundary condition 
o f  t = 0 , / =  0, to give:
p{exp[(l + p ) f a ] - l}
{1 + p e x p [( l  + p)kt}}
where k -  A? a and p  = A//A. Least square fitting o f  equation 4.4, to the turbidity 
data at 800 nm for two HbS concentrations was used to obtain values o f  A/ and A;?. 
As shown in figure 4.7 the fit o f  equation 4.4 to the normalised turbidity data 
(normalised using a turbidity o f  75, which was the m axim um  turbidity at 800 nm) 
was good for the high protein concentration data (300 m g cm' , r" = 0.998) but 
only reasonable for the lower protein concentration (50 mg cm '3, r2 = 0.968). The 
fit to the low protein concentration data was affected by solution evaporation from 
the cell which ultimately limited the length o f  the experiment to 4500 s.
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Figure 4.7: Solid lines showing the experimental values of normalised turbidity, using a max 
turbidity of 75 corresponding to maximum absorbance of fibres at 800 nm, versus time for (A) 50 
mg cm"1 HbS and (B) 300 mg cm'3 HbS. The dashed lines are the best-fit lines to equation 4.4.
The rate constants obtained from these fits are summarised in Table 4.1. The 
effective growth rate constant, ak2, did not show significant correlation with HbS
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concentration under these conditions. However, the values for k\ are several orders 
o f  magnitude smaller than &2 for both 50 and 300 m g cm '3 o f  Hb, indicating that 
the nucleation process was far slower than the elongation process. There was a 
clear concentration dependence on the nucleation rate constant. This was expected, 
as in this case nucleation was expected to take place on the electrode surface where 
it is more therm odynamically favourable than hom ogenous nucleation free in 
solution.
HbS Concentration ki / s '1 kz / M '1 s '1 aki / s '1
50 mg cm '3 
(7.752 x 10'4 M)
2.99 (± 0.4) x 10‘8 1.39 (± 0.6) 1.08 (± 0.2) x 10'3
300 m g  cm '3 
(4.65 x 10'3 M)
9.45 (± 0.08) x 10'6 0.26 (± 0 .0 1 ) 1.22 (± 0.03) x 10'3
Table 4.1: Nucleation rate constants k\ and growth rate constants k2 to describe the HbS 
aggregation formation for 50 mg cm'3 and 300 mg cm'3 protein concentration at a Au micromesh 
electrode surface. Experiment conditions: HbS concentrations 50 mg cm'3 and 300 mg cm '3; 1.5 M 
pH 7.0 phosphate buffer; 0.5 M NaCl; temperature 25°C; E = - 0.55 V vs. Ag/AgCl for 4500 s.
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4.7 2,3-DPG
2,3-DPG acts by stabilising the deoxy or T-state o f  Hb by binding in the cavity 
between the (3 chains o f  the deoxygenated state o f  Hb, making electrostatic 
interactions with positively charged groups surrounding this opening. However, 
even though the effect o f  2 ,3-DPG in normal adult Hb is quite well established, the 
role o f  2,3-DPG in the pathophysiology o f  sickle cell d isease has been a point o f  
long-standing dispute. Some studies have claimed that 2,3-DPG promotes the 
intracellular polymerisation o f  deoxy-HbS [51, 53, 95], whereas others assert that 
it has no such effect [54, 55].
The effect o f  2,3-DPG in prom oting HbS polym erisation in the Au m icromesh 
thin-layer electrochemical system was investigated by the addition o f  different 
concentrations o f  this anionic organic phosphate to a solution o f  HbS protein and 
m easuring the changes in turbidity. Three concentrations 3 mM, 5 mM, and 100 
mM  o f  2,3-DPG were used and the results are shown in figure 4.8.
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Figure 4.8: UV-visible spectroelectrochemistry time traces of HbS solution containing different 
concentrations of 2,3-DPG showing changes in turbidity at a bare Au micromesh electrode. 
Experimental conditions: HbS concentration 50 mg cm'1 (0.78 mM) in pH 7, 1.5 M phosphate 
buffer; 2,3-DPG concentrations 3 mM, 50 mM, 100 mM; 0.5 M NaCl; E = - 0.55 V vs. Ag/AgCl 
for 4500 s.
The results showed that all three 2,3-DPG concentrations had an enorm ous effect 
on the aggregation o f  HbS, as 3 mM  2,3-DPG showed the same turbidity  levels as
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100 mM 2,3-DPG. In vivo Hb concentration per red blood cell (MCHC) is 320 mg 
cm*3 (4.96 mM ) to 360 mg cm"3 (5.58 mM ) and 2 ,3-D PG  is present in human RBCs 
at about the same molar ratio o f  Hb [96]. In our experiments, 2,3-DPG 
concentrations far greater than the experimental Hb concentration o f  50 mg cm*3 
(0.78 mM) was employed, therefore the use o f  even 3 mM  2,3-DPG would have 
ensured Hb binding site saturation. Subsequent increases to 50 mM and 100 mM
2,3-DPG therefore did not exhibit any additional effect. Further experiments need 
to be performed at concentrations far below saturation levels to investigate the 
effect o f  2,3-DPG on HbS polymerisation in m ore detail.
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4.8 Conclusions
UV-visible spectroscopy was successfully  em ployed to monitor changes in the 
nucleation and growth o f  HbS aggregates and polym ers at the surface o f  a 
conducting electrode. It was shown that incorporating a Au micromesh WE 
demonstrated significant growth o f  HbS protein aggregates at the electrode. Rapid 
growth o f  these structures was prim arily achieved as a result o f  the micromesh 
geometry o f  the WE which provided an efficient arrangem ent for O 2 depletion 
within the thin layer electrochemical cell. The extent o f  polym erisation at the 
optically transparent electrode was m onitored using turbidity m easurem ents which 
were a m easure o f  the extent o f  polym er formation at the electrode. The results 
showed that the rate o f  change in turbidity  followed a sigmoidal pattern with an 
initial lag period where little increase in turbidity was apparent before large 
increases, o f  up to forty fold, w ere observed in the turbidity. The change in 
turbidity  was shown to be dependent on HbS polym erisation and not protein 
precipitation, as shown by important control experiments replacing HbS for normal 
non-polym erising HbA.
It was found that the turbidity versus time traces fit the kinetic model for fibre 
formation well. Kinetic constants were determined for two concentrations o f  HbS 
protein which showed that the nucleation rate was far slower than the growth. A 
clear concentration dependence was seen with the nucleation rate constant but the 
effective growth rate did not show significant correlation with HbS concentration 
at the Au micromesh cell. M oreover, the effect o f  DPG was also investigated to 
optimise conditions for maximal growth o f  HbS aggregates at a thin layer 
electrochemical cell and the results showed that high concentrations o f  this 
allosteric effector had a significant effect on the turbidity levels. However, further 
experiments need to be performed at concentrations o f  DPG which do not cause 
saturation to investigate the effect o f  DPG as a therapeutic agent. This method may 
not only be used to gain an understanding o f  the pathophysiology o f  SCD but also 
as a screening m ethod for drugs that might lead to novel therapeutic strategies for 
disrupting nucleation and/or growth in patients with sickle cell crisis. This will be 
achieved by investigating  the effect o f  new potential com pounds, whose m ode o f  
action is specific to the disruption o f  fibre formation, in the electrochemical thin- 
layer cell.
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5.1 Introduction
In the previous chapter a novel technique was developed which monitored HbS 
polymerisation as a change in turbidity by reducing a small volume o f  HbS within 
a custom built thin layer electrochemical cell. A sim ilar technique has been used in 
this chapter to define the effect o f  four param eters, HbS concentration, 
temperature, solution pH and ionic strength, on the kinetics and thermodynamics 
o f  HbS gelation in a Pt matrix electrochemical cell. This cell was the last in the 
series o f  electrochemical cells built to modulate electrochemical reduction at the 
electrode. Theoretical modeling o f  the depletion o f  O 2 concentration at the matrix 
electrode, accurately recreated using reference diagrams, is described. Kinetic 
nucleation and elongation rate constants and the activation energies for deoxyHbS 
gelation at the Pt surface are presented and the relevance o f  the double nucleation 
m echanism  at a conducting surface in our electrochemical system is discussed. 
A lthough free solution studies o f  factors affecting HbS polymerisation have been 
performed, this is the first known study which has combined electrochemical 
deoxygenation and protein polym erisation to investigate the effect o f  different 
variables on the kinetics o f  HbS aggregation at an artificial surface.
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5.2 Experimental
5.2.1 Materials, Instrumentation and Procedures
The following conditions were employed w hen investigating each parameter: for 
HbS concentration, 10 mg cm '3, 20 m g cm '3, 30 m g cm '3, 40 m g cm '3, 50 mg cm '3, 
75 mg cm '3 and 100 mg cm '3 HbS were used at a temperature o f  38 °C; for 
investigating temperature dependence, HbS concentrations o f  30 m g cm '3 and 75 
mg cm 3 were each tested at 25 °C, 30 °C, 34 °C, 38 °C and 42 °C; for pH, 
phosphate buffer o f  pH 6.8, 7.0, 7.2, 7.4 and 7.62 at 30 mg cm '3 and 75 mg cm '3 
HbS at 38 °C were used; whilst for the ionic strength experiments, 0.1 M, 0.25 M, 
0.50 M, 0.75 M and 1.00 M NaCl were used as the supporting electrolyte for HbS 
concentrations o f  30 mg cm '3 and 75 mg cm '3 at 38 °C. HbS solutions were made 
up by dissolving each specific HbS protein in air-saturated phosphate buffer 
solution with the addition o f  NaCl. The UV-visible spectroelectrochemistry 
experiments were performed according to experimental procedure 6. HbA was 
used for the control experiments. Pt sheet (thickness 500 pm, size 25 mm x 25 mm, 
tem per as rolled, 99.99 % purity), Pt wire (diameter 100 pm, hard temper, 99.99 % 
purity) and Ag wire (grade 1, diameter 50 pm) were used as electrodes. All 
experiments were performed at room tem perature unless stated otherwise. Analysis 
o f  the results was performed using Sigmaplot, whilst m odeling analysis was 
performed with Comsol* software. The general experimental and all apparatus for 
the above techniques are described in chapter 2.
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5.2.2 Construction of the Pt Matrix Thin Layer Electrochemical 
Cell
A spectroelectrochemical thin layer cell similar to that described previously was 
constructed. However, in this case a different WE was used, figure 5.1 shows a 
schematic representation o f  this cell. The W E in this cell consisted o f  a Pt sheet (3 
mm x 4 mm x 0.25 mm) in which regular holes o f  350 pm  diameter were drilled in 
a matrix style array. The distance between each hole was also 350 pm. A Pt coil 
(diameter 100 pm) served as the auxiliary electrode whilst all potentials  were 
given versus the quasi-reference electrode (Ag/AgCl). The three electrodes were 
connected to copper electrical wires, placed into a 1 mm pathlength quartz cuvette 
which had been cut in ha lf  and fixed with epoxy resin. The cuvette was cut not 
only to minim ise solution volum e but also to have an open ended cell, thus 
allowing electrodes to be positioned from one end and the solution to be 
introduced from the other. The cell had a typical total volume o f  100 pi ± 10 pi. 
The entire cuvette, except for a small w indow  on the Pt matrix WE (1.0 m m  by 1.5 
mm), was blanked for the light beam.
a Plan view of thin layer cell
Cross Section (AB)
Base
Pt counter electrode 
100pm diameter wire
Working electrode Au/Pt 
350 |im diameter holes
Ag wire 50 diameter
Epoxy sealant for 
electrical insulation 
Electrode contacts
Top cover slip
Solution
Base
Electrodes
Figure 5.1: Figure showing (a) Schematic plan view and (b) actual image of the Pt matrix thin 
layer electrochemical cell incorporating a three electrode system with a Pt sheet in which a regular 
array of holes of 350 pm diameter have been drilled as the WE, a 100 pm coil shaped Pt wire CE 
and a 50 pm Ag wire RE. The CE coil was composed of ten turns and the Ag wire was anodised 
with AgCl prior to use. The cuvette was attached to a coverslip to form the base for the wires and 
epoxy sealant. Black tape was fixed to the back of the cell to blank the entire light beam except a 
small area. Not to scale.
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5.3 Optimisation of the Pt Matrix Electrochemical Cell
A Pt matrix thin layer electrochemical cell was fabricated to monitor and provide 
additional information on the kinetics and therm odynam ics o f  HbS polymerisation 
at the Pt surface. Coil and m icrom esh electrode geometries had been used 
previously but in this cell a 250 pm  thick Pt sheet was employed as the WE. 
Optical transparency was achieved by drilling holes o f  350 pm diameter in a 
matrix style array into the Pt sheet, whilst a thin layer was obtained by housing the 
electrodes in a 1 mm pathlength cuvette which had been cut in h a lf  to m inimise the 
solution volume, figure 5.1. The m odified cuvette also allowed easy access to the 
electrodes for cleaning purposes and removal o f  any air bubbles trapped beneath 
the WE.
Com plete deoxygenation o f  the solution was confirm ed electrochemically  by 
com paring the minim um  charge needed to remove all O 2 from the Pt matrix cell 
w ith the actual experimentally  obtained value. The minim um  charge required for 
removal o f  O 2 from a cell o f  total volum e 100 pi air-saturated Hb solution was 
calculated to be 4.63 x 10'4 C, which, compared with the experimentally obtained 
value o f  0.60 x 10"2 C passed over a period o f  1000 s at 25 °C showed that 
com plete deoxygenation had been achieved. The experimentally obtained value 
increased to 0.10 x 10"' C when the temperature was raised to 38 °C. The Pt 
matrix cell was therefore found to be a more efficient than the m icrom esh cell with 
regards to its O 2 reducing ability as a charge o f  0.60 x 10'2 C was passed over a 
period o f  1000 s with the Pt matrix cell, com pared with 1.00 x 10'2 C passed over a 
period o f  4500 s for the Pt m icrom esh cell. The geom etry o f  the WE, containing a 
regular array o f  holes, effectively produced a system consisting o f  num erous 'stand 
alone' tubes within which HbS polym erisation could occur. This arrangem ent 
allowed nucleation and aggregation o f  HbS, concentrated within single holes on 
the electrode, to be monitored. To gain a more com plete understanding o f  O 2 
depletion in the Pt matrix cell finite element modeling using Comsol^ was 
performed, chapter 5.4.
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5.4 Modeling of O2 Depletion in the Pt Matrix Thin Layer Cell
The modeling was performed by M atthew Li (UCL). O 2 depletion that occurred at 
the Pt matrix thin layer electrochemical cell during the experiment was explored 
by theoretical modeling using Comsol which is based on finite element methods. 
The thin layer electrochemical cell was accurately recreated in Comsol® to scale, 
using reference diagrams and photographs o f  the electrochemical cell. The model 
was prepared such that each section o f  the cell could be explored in detail as 
shown in Figure 5.2 (a) and (b), and was described by nonlinear-diffusion 
equation:
Area Equation
Bulk o f  the liquid F)c
- £  = V.(£>(*)Vc0 )
ot
Insulated areas and liquid 
boundaries
D (x )V c 0.n — 0
Electrode boundaries D (x )V c 0 .n = N 0
Table 5.1: The bulk and boundary equations used in the model where c0, N0 and D(x) represent 
the concentration, outward flux o f O2 and the function of diffusion as a function of x  respectively 
[97,  98],
In the case o f  the electrode boundaries, the flux was approximated by using the 
Butler-Volm er equation [99, 100] to derive a current, and when the charge o f  CL 
was given, could be used to deduce the depletion o f  CL. As O 2 was the reactant o f  
interest (and was being depleted), the area o f  the electrode was m anaged by 
Comsol and the change transfer coefficient, a, was taken as 1, the flux equation 
was simplified to the following equation:
-c0 exP
N  =
4 F  
R T
(.E - E ° ' )
4 F
(5.1)
The following values were applied to the bulk liquid o f  the model to s im ulate the 
conditions experienced by O 2 d issolved in water experimentally:
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P ro p e r ty Value
Diffusion o f  O2 2.42 x 10'y m s '1
O2 Electrode Potential 1.23 Ew V
Initial O2 Concentration 0.3 M
Temperature 298 K
Voltage applied 2
Table 5.2: Values used to approximate experimental conditions that were applied to the bulk 
liquid in the model [101].
Although the model was solved for a range o f  times, the actual time o f  interest in 
the experiments performed with the Pt matrix cell was 0 s to 1000 s (at 1 s 
intervals) and so the results for these are presented. Beyond a 1000 s there was 
little change in the results.
Time=0 Slice: Concentration, cO [mol/m ]
Min: 0
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Time=1000 Slice: Concentration, cO [mol/nrr]
Min: 0
Figure 5.2: Simulations of the Pt matrix electrochemical cell using Comsol® showing the 
concentration of 0 2 in and around the Pt matrix electrode at (a) 0 s with a specific hole 
highlighted in red and (b) at 1000 s with sectioned area highlighted. The concentration o f  0 2 
inside the matrix electrode is seen to be reduced to zero after 1000 s.
The simulations presented in figure 5.2 shows the O 2 concentration o f  the solution 
present in the Pt matrix electrochemical cell at time = 0 s (figure 5.2 (a)) and at 
time = 1000 s (figure 5.2 (b)). The O 2 concentration at the beginning o f  the 
experiment before any electrochemistry had been performed was at a constant level 
o f  0.3 M throughout the cell, how ever at the end o f  the experiment the O 2 
concentration o f  the solution inside and in the near vicinity o f  the electrode had 
decreased to zero. The O 2 concentration moving away from the electrode was still 
high due to the continued diffusion o f  atmospheric O2 into the cell throughout the 
experiment. Therefore, preliminary simulations showed that the liquid w hich was 
in close proximity to the electrode experienced and maintained a very low O 2 
concentration when compared to areas that were not in close contact w ith the 
electrode.
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Concentration of oxygen across a hole
0.3
0.25
7? 0.2
0.05
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Distance, [m] xlO 4
Figure 5.3: Plots showing (a) the change in 0 2 concentration horizontally across the hole 
highlighted in figure 5.2 (a) for various times; (b) the change in 0 2 concentration vertically 5jim 
away from the electrode and 5^im into the bulk at either end of the hole highlighted in figure 5.2 
(a) at various times
Figures 5.3 (a) and (b) show O 2 depletion occurring rapidly within 10 s and full 
depletion occurring before 100 s within a single hole in the matrix electrode. This 
is consistent with experimental evidence discussed later, that given the right 
conditions HbS nucleation can occur within 20 s. From modeling O 2 depletion in 
Comsol® it has been shown the presence o f  O2 in the experiment is not a limiting 
factor in fibre formation due to rapid depletion within the cell.
0 0.5 1 1.5 2 2.5 3 3.5
Distance, [m] xlO*4
Concentration of oxygen vertically across a single hole
0.2
<210.15
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5.5 Growth of Aggregated Structures at Pt Matrix Cell
In situ UV-visible spectroelectrochemistry  was em ployed to investigate the effect 
o f  four parameters on the kinetics and therm odynam ics o f  HbS protein aggregation 
in the Pt matrix electrochemical thin layer cell. The four parameters were HbS 
protein concentration, temperature, pH and ionic strength o f  the solution. It has 
been established that the gelation o f  HbS depends prim arily  on the extent o f  
deoxygenation as HbS polym erises only under hypoxic conditions [26]. The 
modeling o f  O 2 performed in the last section shows that O 2 depletion was not a 
limiting factor in this cell. Furthermore, HbS concentration [30], temperature [35], 
pH [28] and ionic strength [85] o f  the polym erising solution are also known to 
alter the gelling propensity  in vivo (the param eters which are critical for polymer 
formation have been discussed in b r ie f  in chapter 1.2). The kinetics o f  HbS 
polym er formation are characterised by a delay tim e and an explosive and highly 
autocatalytic gel formation. The length o f  the delay time is also related to the 
solubility o f  HbS [63, 64], and thus dependent on the variables which alter the 
solubility o f  HbS. Pathologically, the delay time is critical as a delay which is 
longer than the circulation time allows cells to becom e reoxygenated at the lungs 
before sickling can occur [70].
In this set-up, the change in turbidity over time was a m easure o f  the extent o f  
polym er formation or aggregation at the matrix electrode. The matrix arrangement 
allowed optical transparency so the presence o f  any aggregated protein structures 
in the apertures, formed due to electrochemical reduction o f  O 2 in s i tu , could be 
detected as a result o f  w avelength independent light scattering caused by protein 
aggregation. The rate o f  turbidity  change at 600 nm, 650 nm, 700nm and 800 nm 
were monitored as a function o f  time to investigate the kinetics o f  HbS 
aggregation. Turbidity values w ere determined from the absorbance according to 
the relation A = log ( /0//), where turbidity = (Iq/I). Control experiments with HbA 
at the same conditions showed no significant turbidity change at the Pt matrix W E 
especially  at the wavelength range 650 nm to 1100 nm proving conclusively that 
any changes in turbidity were due to HbS protein aggregation (this data is not 
shown). The blank in these experiments was the HbS solution before the potential 
was applied, so the spectra shown in the following figures shows the change in 
turbidity relative to the starting solution.
98
HbS Aggregation in Pt Matrix Cell Chapter 5
5.5.1 Analysis of Growth Rates
Two methods were employed to analyse the turbidity profile o f  each condition and 
obtain kinetic and therm odynamic values for the nucleation and growth phases o f  
HbS aggregation.
Kinetic Scheme:
The modified Sabate et al. [93] kinetic scheme model used in Chapter 4.6 was 
fitted to the Pt matrix cell data and least squares fitting o f  equation 4.4 to the 
turbidity data at 700 nm was used to obtain k\ and kj  values for each parameter. 
However, although a satisfactory to good fitting was obtained for most turbidity 
profiles (figure 5.4 (a) shows the fitting o f  the turbidity profile at 40 mg cm '3 HbS 
concentration), some profiles exhibited a poor fit to the kinetic model especially  in 
the early part o f  the curve due to the lag period for the nucleation phase not being 
present, figure 5.4 (b) shows the poor fit obtained for 100 mg cm ”  HbS 
concentration. Therefore, in these cases a linear regression method was employed 
to obtain nucleation and growth rates. The linear regression method was also used 
for those profiles which exhibited a decrease in the turbidity during the experiment 
(termed as Phase II, figure 5.5) as the kinetic model could not recognise a decrease 
in turbidity values further contributing to a poor fitting.
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Figure 5.4: Solid lines showing the experimental values of normalised turbidity versus time tor 
(a) 40 mg cm'3, and (b) 100 mg cm'3. The dashed lines are the best-fit lines to equation 4.4. A 
good fitting to the kinetic model is obtained for 40 mg cm '’ (R2 = 0.999), however, a poor fit is 
seen for 100 mg cm" (R2 = 0.935) mainly due to the absence of the time delay and a large 
decrease in turbidity after 150 s.
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Linear Regression:
The linear regression method o f  analysis was em ployed to obtain growth rates, 
specifically for those turbidity profiles which did not satisfactorily fit the two step 
kinetic scheme model. Figure 5.5 shows a turbidity  profile exhibiting the three 
phases seen experimentally: Phase I is the nucleation phase, Phase II is the 
intermediary phase and Phase III is the growth or elongation phase. The gradient 
o f  best fit was calculated for all phases using a linear regression fit in Sigmaplot, 
and these values were compared with other matrix cell rate values as well as free 
solution data. The value o f  t\ and h  indicated the time at which the nucleation 
phase stopped and the time at which the growth phase com menced respectively, 
whilst the intercept on the time axis related to the delay time or the time taken for 
nucleation to start. This analysis was also employed for those turbidity profiles 
which did not possess the intermediary Phase II. In these cases, only data for Phase 
I and Phase III were calculated. Unlike the kinetic scheme analysis, this method 
cannot be used to obtain kinetic rate constants but only nucleation and growth 
rates.
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Figure 5.5: Turbidity profile exhibiting the three phases seen experimentally: Phase I is the 
nucleation phase; Phase II is the intermediary phase; Phase III is the growth phase. The gradient of 
best fit was calculated using a linear regression fit in Sigmaplot. // and t2 are the times at which 
the nucleation phase stopped and the time at which the growth phase commenced respectively, 
whilst the intercept on the time axis relates to the delay time or the time taken for nucleation to 
start.
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5.5.2 Effect of Changing HbS Concentration
The effect o f  increasing HbS protein concentration on turbidity, and therefore 
polymer formation, at a Pt surface was investigated by perform ing experiments at 
protein concentrations o f  10 mg cm ’3, 20 mg cm ’3, 30 m g cm '3, 40 mg cm '3, 50 mg 
cm '3, 75 mg cm ’3 and 100 mg cm*3 at 38 °C. Figure 5.6 shows the effect o f  protein 
concentration on the rate o f  turbidity  change at a w avelength  o f  700 nm (results at 
wavelength o f  700 nm only are shown, however, all other wavelengths showed a 
similar trend. A wavelength o f  800 nm was not used as the turbidity at 700 nm was 
more pronounced than 800 nm).
10 m e em-3 
20 m s cm-3 
30 mg em-3 
40 mg cm-3 
50 mg cm-3 
75 mg cm-3 
100 mg cm-3
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Figure 5.6: UV-visible spectroelectrochemistry time traces showing the changes seen in turbidity 
levels at 700 nm at a Pt matrix electrode with increasing HbS concentrations. Experimental 
conditions: HbS range 10 mg cm’3 to 100 mg cm'3; 1.5 M (pH 7.0) phosphate buffer; 0.5 M NaCl; 
T = 38.0 C; E = - 0.55 V vs. Ag/AgCl; run time 1000 s.
The results showed a clear concentration dependence on the extent o f  aggregate 
formation at the Pt matrix cell. DeoxyHbS aggregation occurred with a clear 
dem onstration o f  a delay time (the time taken before significant growth was seen) 
and the results showed that the delay time was prolonged upon dilution o f  HbS. 
For instance, the delay time decreased from 250 s with a protein concentration o f  
30 mg cm '3 to 230 s with a slightly higher concentration o f  40 mg cm '3, whilst, 
further increases in protein concentration to 50 mg cm*3 decreased the tim e delay 
to only 20 s. At even higher protein concentrations o f  75 mg cm '3 and 100 m g cm ’3
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the total disappearance o f  the time delay was apparent, being instead replaced with 
a large increase in turbidity as soon as the experiment had begun. Consequently, 
the kinetics o f  nucleation at these higher concentrations (75 m g cm"3 and 100 mg 
cm ’3) was considered to be too fast to be detected by the spectrophotometer.
The results in figure 5.6 also dem onstrated  significant HbS aggregation with 
increasing protein concentration. Low protein concentration o f  10 mg cm ’3 showed 
little increase in turbidity with a value o f  only 0.09 being recorded after 1000 s, 
whilst at a higher concentration o f  50 m g cm ’3 a turbidity value o f  0.94 (an 
increase o f  over ten fold) was apparent at the end o f  the experiment, and a thirty 
one fold increase (to a value o f  2.80) was seen for a protein concentration o f  100 
m g cm '3. This was due to an increase in light scattering caused by extensive 
formation and growth o f  HbS aggregated structures. This data was fitted to a 
kinetic scheme model and nucleation and growth rates values were obtained, 
section 5.5.3.
A nother interesting aspect o f  this study, clearly apparent from the graphical data 
presented in figure 5.6, was the shift in profile shape o f  the nucleation and 
polym erisation processes m oving from low protein concentrations to higher 
protein concentrations. The turbidity  profiles were seen to shift from the classical 
double nucleation mechanism o f  Ferrone et al. [66] at 30 mg cm '3 and 40 m g cm '3, 
where two distinct processes (termed as hom ogeneous and heterogeneous 
nucleation by Ferrone et al.) were clearly evident, to a deviated double nucleation 
m echanism at 50 mg cm ’3 and 75 m g cm '3 where no lag period for the nucleation 
phase was seen but an initial increase in turbidity was followed by growth. 
H owever it was the profile at 100 m g cm ’3 which was o f  real interest as an 
in termediary process (termed as Phase II, figure 5.5), consisting o f  a decrease in 
turbidity (from time 100 s to 300 s), was apparent. This was the first tim e such a 
process had been seen to the best o f  our know ledge with regards to m onitoring the 
polym erisation o f  HbS at a surface. This was a real life process as shown by the 
presence o f  this intermediary phase in repeat experiments and its absence in 
control experim ents at 100 mg cm '3. Reasons for the occurrence o f  this phase are 
further alluded to in section 5.6.
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5.5.3 HbS Concentration Analysis
Kinetic Scheme Analysis:
The rate constants for each specific concentration are listed in table 5.3. Rate 
constants for 10 m g cm' and 20 m g cm ' HbS were not calculated due to nominal 
changes in turbidity levels being seen with these two concentrations.
HbS conc. 
/ mg cm '3
k\ / s '1 k2 / M '1 s '1 ak2 / s '1 R2
30 0.28 (± 0.09) x 10'3 6.37 (± 1.22) 2.96 (± 0.1) x 10 3 0.988
40 0.37 (± 0.02) x 10'3 5.71 (± 0.16) 3.54 (± 0.1) x 10 3 0.999
50 0.36 (± 0.47) x 10'3 0.25 (± 0.25) 0.19 (± 0.2) x 10'3 0.926
75 0.40 (± 0.01) x 10 3 1.11(± 0.17) 1.29 (± 0.2) x 10'3 0.942
100 0.14 (± 0.03) x 10 3 0.58 (± 0.05) 4.82 (± 0.4) x 10'3 0.935
Table 5.3: Nucleation rate constants and elongation rate constants k2 to describe the 
aggregation formation for HbS concentration in the range 30 mg cm’3 to 100 mg cm'3 at a Pt 
matrix electrode. Experiment conditions: HbS concentrations 30 mg cm'3 to 100 mg cm'3; 1.5 M 
pH 7.0 phosphate buffer; 0.5 M NaCl; temperature 38 °C; E = - 0.55 V vs. Ag/AgCl for 1000 s.
The fit o f  equation 4.4 to the normalised turbidity data (normalised with the 
m axim um  turbidity value o f  2.52 seen with 100 mg cm '3 at 1000 s) was shown to 
be extremely good for low protein concentrations such as 30 mg cm '3 (R2 = 0.988)
3 ^and 40 mg cm ' (R" = 0.999) but extremely poor for the h igher protein 
concentrations, 50 mg cm '3 (R2 = 0.926), 75 m g cm '3 (R2 = 0.942) and 100 m g cm '3 
(R 2 -  0.935).
The rate constants for 30 mg cm '3 and 40 m g cm '3, the two concentrations which 
did fit the kinetic model well, showed a clear concentration dependence on the
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effective growth rate, ak2. The nucleation rate constant k\ also showed 
concentration dependence, how ever the elongation rate constant did not show 
significant correlation with concentration. This was due to nucleation at a surface 
being more thermodynamically favourable than growth free in solution. Once 
again, k\ was several orders o f  m agnitude smaller than k-i showing that the 
nucleation process was slower than the growth process and thus the rate limiting 
step.
X XThe results seen with 30 mg cm' and 40 mg cm ' at the matrix cell were 
significantly different to those seen with the Au m icromesh cell, table 4.1. The k] 
value for 30 mg cm ’3 (2.37 (± 0.92) x 10‘4 s '1) at the matrix electrode was several 
orders o f  m agnitude greater than even 300 mg cm '3 (9.45 (± 0.08) x 10'6 s’1) o f  Hb 
at the m icrom esh cell, whilst a large difference was also seen in the A2 values 
between the two cells. These results indicated that the polymerisation process was 
far slower in the micromesh cell as compared with the matrix cell. As the m odeling  
o f  O 2 concentration at the matrix electrode has shown total O2 depletion was 
achieved within 100 s o f  the start o f  the experiment compared to the 200 s seen for 
the m icrom esh cell (figure 2.3)
Linear Regression Analysis:
Table 5.4 shows linear regression gradient rate data o f  Phase I, Phase II and Phase 
III for protein concentrations in the range 30 mg cm '3 to 100 mg cm '3. Again, 10 
mg cm ’3 and 20 mg cm '3 were not analysed due to the small changes in turbidity  
seen at these two concentrations.
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HbS conc. 
/  mg cm '3
Rate o f  Phase I
/ s '
Rate o f  Phase II
/ s ' 1
Rate o f  Phase III
/  s-'
30 0.74 (± 0.03) x 10‘3 H L 72 (± 0.04) x 10'3
40 1.69 (± 0.06) x 10 3
I
ft.25 (± 0.05) x 10‘3
50 5.65 (± 0.41) x 10'3
I t i i l i l l i ;
El .01  ( ±  0.01) x 10'3
75 11.8 (± 0.10) x 10'3 -0.12 (± 0.04) X 10° 1.86 ( ±  0.01) x 10‘3
100 17.8 (± 0.74) x 10‘3 -2.48 (± 0.03) x 10'3 5.11 (± 0.06) x 10'3
Table 5.4: Rate values for Phase I, Phase II and Phase III calculated using linear regression 
analysis for protein concentration in the range 30 mg cm" to 100 mg cm'3 at a Pt matrix electrode 
surface. Experiment conditions: HbS concentrations 30 mg cm'3 to 100 mg cm'3; 1.5 M pH 7.0 
phosphate buffer; 0.5 M NaCI; temperature 38 °C; E = - 0.55 V vs. Ag/AgCl for 1000 s.
The results showed a clear concentration dependence on the nucleation phase with 
the rate values o f  Phase I becom ing steadily faster with increasing concentrations. 
However, the growth phase or Phase III did not vary considerably with 
concentration due to the initial nucleation at the surface being more favourable 
than the growth process. The intermediary Phase II process which consisted o f  a 
negative turbidity gradient was only present at two concentrations. The linear 
regression analysis provided a closer reflection o f  the experimental data seen in 
figure 5.6 than the kinetic scheme analysis as a result o f  the poor fitting obtained 
for certain concentrations.
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5.5.4 Effect of Changing Temperature
In this section the dependence o f  HbS fibrillogenesis on temperature at a 
conducting surface is reported. The effect o f  a range o f  HbS solution temperatures 
(25 °C, 30 °C, 34 °C, 38 °C and 42 °C) on the rate o f  protein aggregation at two 
HbS concentrations, 30 mg cm '3 and 75 mg cm '3, were investigated using the Pt 
matrix electrochemical cell, figure 5.7.
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Figure 5.7: UV-visible spectroelectrochemistry time traces showing the changes seen in the 
turbidity at 700 nm at the Pt matrix electrode with increasing solution temperature for two HbS 
concentrations (a) 30 mg cm'3 and (b) 75 mg cm'3. Experimental conditions: solution temperature 
range 25 °C to 42 °C; 1.5 M (pH 7.0) phosphate buffer; 0.5 M NaCl; 38.0 °C; E = -0.55 V vs. 
Ag/AgCl; run time 1000 s.
For 30 mg cm '3 HbS concentration (figure 5.7 (a)), a clear temperature dependence 
on the extent o f  aggregate formation was demonstrated as increasing the 
temperature from 25 °C to above physiological temperature caused a reduction in 
the time delay and an increase in the turbidity amplitude. For instance, a solution 
incubated at 30 °C exhibited a delay o f  575 s whilst at 34 °C a delay o f  290 s was 
seen. Further increases in temperature to 42 °C led to the nucleation lag period 
occurring even faster with a delay o f  only 232 s being seen before the growth 
period. On the other hand, an increase in solution temperature by 12 °C (from 30 
°C to 42 °C) gave rise to an eight-fold increase in the final turbidity value seen at 
the end o f  the experiment.
The results obtained for a HbS concentration o f  75 mg cm '3 (figure 5.7 (b)) did not 
mirror those seen with 30 mg cm '3. The growth o f  HbS aggregates was found to be
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largely dependent on the temperature with a substantial increase in turbidity seen 
with all temperatures. Increasing solution tem perature by 12 °C from 30 °C to 42 
°C gave rise to a thirteen-fold increase in turbidity  from 0.52 to 6.96 respectively, 
compared to the eight fold increase seen with 30 m g cm '3.
However, the major difference between the two concentrations was the nucleation 
phase. Whereas a considerable time delay was observed for all temperatures at 30 
m g cm ’3, the experiments performed at tem peratures o f  38 °C and 42 °C at 75 m g 
cm '3 showed the complete absence o f  a time delay, rather, an increase in turbidity 
was seen as soon as the experiment started similar to the high concentrations 
results in chapter 5.5.2. Consequently, the results at 75 m g cm ’3 quite nicely 
demonstrated the shift in turbidity profiles with increasing temperature as very 
little growth was seen at low temperatures whilst an accelerated nucleation phase 
followed by exponential fibre growth was evident at high temperatures. The extent 
o f  HbS aggregation was increased with warmer protein solutions due to increased 
kinetic energy o f  the molecules leading to a greater number o f  molecular collisions 
occurring.
Furthermore, the presence o f  an intermediary phase, seen previously at 100 m g cm '
3 3in chapter 5.5.2 (figure 5.6), was apparent once again for the 75 mg cm ' 
experiment performed at 42 °C. This intermediary process was seen to occur at 
conditions which were favourable to rapid and accelerated HbS polym erisation 
such as at high temperatures and concentrations, or in other words at conditions 
which were conducive to fast kinetics, see chapter 5.6 for a discussion concerning 
the nature o f  the intermediary phase. The largest increase in polym er aggregation 
was seen at 42 °C for both experimental concentrations. This value is in contrast to 
the free solution literature reported data o f  35 °C where the solubility o f  HbS was 
reported to decrease to a minimum and then increase again at higher tem peratures 
[36]. The difference between the free solution experiment and the conducting 
surface experiments could be due to differences in the m echanism o f  protein 
aggregation at a liquid-liquid interface as compared to liquid-solid interfaces. 
Further work in the future will be focussed upon investigating the m echanism  o f  
action o f  protein aggregation at various interfaces.
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5.5.5 Temperature Analysis
Kinetic Scheme Analysis:
The rate constants obtained from the turbidity experiments performed with 30 mg 
cm '3 protein in the temperature range 25 °C to 42 °C are listed in table 5.5. In this 
set o f  data, the fit o f  equation 4.4 with the normalized turbidity data (normalized 
with a m aximum turbidity value o f  1.75 at 42 °C) was extremely good for the 
higher temperatures such as 38 °C (R2 = 0.996) and 42 °C (R2 = 0.996), but 
extremely poor for lower temperatures such as 25 °C (R = 0.811).
Tem perature
/ ° C
k[ / s '1 k2 / M '1 s '1 ak2 / s’1 R2
25 0.10 (± 1.29) x 10’3 0.04 (± 4.10) 0.02 (± 0.2) x 10'3 0.811
30 0.01 (± 0.002) x 10'3 8.21 (± 0.43) 3.82 (± 0.2) x 10 3 0.934
34 0.29 (± 0.05) x 10'3 4.90 (± 0.43) 2.28 (± 0.2) x 10‘3 0.952
38 0.19 (± 0.01) x 10 3 12.33 (± 0.22) 5.73 (± 0.1) x 10'3 0.996
42 0.13 (± 0.01) x 10'3 21.35 (± 0.01) 9.93 (± 0.2) x 10'3 0.996
Table 5.5: Nucleation rate constants k\ and elongation rate constants k2 to describe the HbS 
aggregation formation for temperatures in the range 25 °C to 42 °C for 30 mg cm'3 HbS at a Pt 
matrix electrode. Experiment conditions: HbS concentration 30 mg cm'3; temperature range 25 °C 
to 42 °C; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCl; E = - 0.55 V vs. Ag/AgCl for 1000 s.
The results seen with those conditions which had a reasonable to good fit (i.e. 34 
°C, 38 °C and 42 °C) showed a significant temperature dependence on the 
effective growth rate. However, in contrast to the results seen in table 5.3, k\ was 
shown to decrease with increasing tem perature (k/ at 34 °C = 2.88 (± 0.5) x 10’4 s' 
k\ at 42 °C = 1.28 (± 0.1) x 10’4 s '1), whilst an 8 °C increase in tem perature from
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34 °C to 42 °C caused a four fold increase in ki. This showed that varying 
temperature had a significant effect on the growth process, more so than just 
varying the concentration. This was because equilibration o f  the protein solution 
with the required temperature before the start o f  the experiment had probably 
caused initiation o f  the polymerisation process even before electrochemical 
depletion o f  O2 . Experiments performed with 75 mg cm '3 HbS showed an 
extremely poor fit o f  equation 4.4 to the normalised turbidity data (normalised 
with a value o f  6.96) for all tem peratures and so no kinetic rate constants were 
calculated.
Linear Regression Analysis:
Table 5.6 shows the linear regression gradient data for protein concentration o f  30 
mg cm '3 at temperatures o f  30 °C, 34 °C, 38 °C and 42 °C. No data was obtained 
for 25 °C as very little changes in turbidity were seen at this condition. 
Furthermore, only the rate o f  Phase I and Phase III were calculated as no 
intermediary Phase II was present at any o f  these conditions.
Temperature
/ ° C
Rate o f  Phase I
/ s '
Rate o f  Phase I 
/ s ' 1
Rate o f  Phase III 
/ s '
30 0.24 (± 0.005) x 10'3 0.60 (± 0.01) x 10'3
34 0.06 (± 0.004) x 10’3 2.23 (± 0.01) x 10'3
38 1.52 (± 0.007) x 10'3 3.01 (± 0.02) x 10'3
42 0.79 (± 0.02) x 10'3 5.29 (± 0.05) x 10'3
Table 5.6: Rate values for Phase I and Phase III, calculated using linear regression analysis, for 
temperatures in the range 30 °C to 42 °C for 30 mg cm” HbS concentration at a Pt matrix 
electrode. Experiment conditions: HbS concentration 30 mg cm'3; temperature range 30 °C to 42 
°C; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCI; E = - 0.55 V vs. Ag/AgCI for 1000 s.
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The results did not show a clear temperature dependence on the nucleation Phase I, 
however there seemed to be a slight correlation between the elongation Phase III 
and temperature. This correlation between the grow th phase and temperature was 
also evident in the results obtained from the kinetic model fitting, where an 
increase in kj was seen with increasing temperature.
Temperature
r c
Rate o f  Phase I
/ s ’1
Rate o f  Phase II
/ s '
Rate o f  Phase III
/ s ' 1
30 4.74 (± 0.07) x 10'3 i l l 0.44 (± 0.003) x 10'3
34
38
11.90 (± 0.01) x 10‘3 
8.21 (± 0.001) x 10'3
...................................... ...................
- 0.04 (± 0.03) X o - 
i
m 1.96 (± 0.02) x 10‘3 
1.84 (± 0.01) x 10‘3
42 13.20 (± 1.12) x 10'3 - 0.77 (± 0.02) x 10'3 10.0 (± 0.06) x 10‘3
Table 5.7: Rate values for Phase I, Phase II and Phase III, calculated using linear regression 
analysis, for temperature in the range 30 °C to 42 °C for 75 mg cm’’ HbS concentration at a Pt 
matrix electrode. Experiment conditions: HbS concentration 75 mg cm"; temperature range 30 °C 
to 42 °C; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCl; E = - 0.55 V vs. Ag/AgCI for 1000 s.
The linear regression gradient data for a protein concentration o f  75 mg cm ’3 is 
listed in Table 5.7. The rate o f  Phase III showed significant correlation with 
tem perature as the highest rate was seen at 42 °C, far more so than the rate o f  the 
nucleation Phase I which was seen to be similar, possibly again due to 
polym erisation starting in the water bath even before the start o f  the experiment.
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5.5.6 Thermodynamic Calculations
The k\ and ki values for only three temperatures, 34 °C, 38 °C and 42 °C at 30 mg 
cm '3 were used for the therm odynamic calculations as the fitting o f  the kinetic 
model to these profiles was good. All other tem perature data points showed a poor 
fitting to the kinetic model and with large error values and so the rate constants 
obtained from these fittings would not have provided accurate thermodynamic 
values. Therefore, rate constants for 25 °C, 30 °C at 30 m g cm '3 and all 
temperatures at 75 m g cm '3 were not used in the therm odynam ic calculations.
Activation Energies:
The rate constants were used to calculate activation energies for the nucleation and 
elongation process using the Arrhenius equation [102]. The Arrhenius equation is 
an expression that shows the dependence o f  the rate constant, k, o f  a known 
chemical reaction on the temperature T (in kelvins) and activation energy E a:
k  = A e “ (5.2)
where A is the pre-exponential factor or frequency factor and R is the gas constant. 
By taking the natural logarithms, the equation yields:
In k  =
v «  J \ T ,R
+  ln  A (5.3)
Therefore, a plot o f  In k vs 1/T gives a gradient o f  - E a/R and the slope o f  the 
straight line determines the activation energy. From figure 5.8, which shows a plot 
o f  the nucleation rate constant as a function o f  reciprocal temperature, the 
nucleation activation energy, Ei, was calculated to be 81.59 (± 1.22) KJ m o l 1. The 
nucleation activation energy can be defined as the energy required for the 
sequential addition o f  m onom ers to form the critical nuclei, or in other w ords to 
m ake the reaction therm odynam ically  favourable.
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Figure 5.8: A plot of the log of nucleation rate constant, k|, as a function o f  reciprocal 
temperature in kelvin. The gradient of the best fit line which equals - E a/R was 9813.0 (± 147.2) s ' 
K and the intercept was -  4.01 (± 0.47) s '1. Only three temperature data points (34 °C, 38 °C and 
42 °C for 30 mg cm ' protein concentration) were used as these showed a good fit to the kinetic 
model. All other temperature values showed a very poor fit to the model and so gave rate 
constants which had large errors and were not a true reflection of the actual experimentally 
obtained results.
The elongation activation energy, E2 , was calculated in a similar manner. A plot o f  
the elongation rate constant as a function o f  the reciprocal temperature yielded a 
gradient o f  17827.1 (± 2479) s"1 K, from which E2 was calculated to be 148.22 (± 
20.61) KJ mol"1. Consequently, the elongation activation energy, defined as the 
energy required for the initiation o f  the elongation phase, was calculated as 
requiring nearly twice as much energy as the nucleation phase. It was expected that 
the nucleation phase would require a larger amount o f  energy as this process 
involves the therm odynam ically  unfavourable sequential addition o f  free 
monom ers. However, in our system nucleation occurred at a surface rather than 
free in solution which is more therm odynam ically  favourable. A com parison o f  the 
activation energies calculated for HbS polym erisation at an electrode surface and 
the activation energy o f  6-amyloid fibrils is shown in table 5.8.
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Protein E, e 2
/ kJ mol*1 / kJ m o l '1
HbS 81.59 (± 1.22) 148.22 (± 20.61)
B-amyloid 311.20 95.30 (± 4.60)
Table 5.8: A comparison of the activation energies calculated for HbS polymerisation at an 
electrode surface with the activation energy of 13-amyloid fibrils. The nucleation activation energy, 
Ei for B-amyloid fibrils was obtained from a study performed by Sabate et al [103]. No error 
values were provided in their calculations. Experimental conditions: 1 mg B-amyloid protein was 
dissolved in 500 pi HFIP, incubated at room temperature for 10 minutes and then Tris-HCl buffer 
(10 mM, pH 7.4) was added; temperatures assayed from 28.5 X  to 44.5 X  at intervals of 4 X .  
The elongation activation energy, E? for B-amyloid fibrils was obtained from a study performed by 
Kusumoto et al [104], Experimental conditions: 250 pm B-amyloid protein was dissolved in 0.1 M 
HC1 pH 1 at 4 °C and the sample was incubated for 4 hrs at 25 C; fibrillogenesis was monitored at 
temperatures of 4 °C. 15 °C, 25 'C and 35 X .  The HbS polymerisation Ei and Et values were 
obtained by experiments performed at a Pt matrix electrode. Experimental conditions: HbS 
concentration 30 mg cm'3; temperature range 34 X  to 42 X ;  1.5 M pH 7.0 phosphate buffer; 0.5 
M NaCl; E = - 0.55 V vs. Ag/AgCl for 1000 s.
Table 5.8 shows that the B-amyloid fibril nucleation activation energy was 
calculated to be nearly three times larger than the value obtained for HbS. The 
differences in energy values can be explained by the different experimental 
conditions o f  protein concentration and pH used. Moreover, several authors [105- 
108] have also indicated that prior to nucleation the B-amyloid m onom er is 
activated, through a slow conformational transition from the soluble peptide to the 
amyloid peptide. Therefore, a larger energy barrier needs to be overcom e in this 
case. This is the first time activation energies o f  the HbS nucleation and 
aggregation processes have been calculated at a solid interface. Use o f  agents 
which increase the activation energies o f  these processes could be a good 
therapeutic strategy for achieving a m ajor reduction in the polym erisation process.
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Eyring Transition State Model:
The Eyring equation relates the reaction rate to temperature, similar to the 
Arrhenius equation, and follows on from the transition state theory (activated 
complex model). The general form o f  the Eyring equation is:
p  _  knT ^ -a g V  RT
h
(5.4)
where k  is the rate constant, kg is the Boltzmann constant, h is Plancks constant 
and AG* is the Gibbs free energy o f  activation. It can be rewritten as:
k = ksT
(
exp AS
I R
(
exp -  AH 
RT
+ \
(5.5)
where AS  is the entropy o f  activation and A H  is the enthalpy o f  activation. By 
taking the natural logarithms the equation becomes:
In( k> - A H T 1 . f— — +  In
1T) R T I
ks] AST
h ) ~ R ~
(5.6)
A plot o f  In (k/T) as a function o f  reciprocal temperature gives a straight line with 
gradient -  AH/R  from which the enthalpy o f  activation can be derived, and 
intercept In (ks/h) + AS/R from which the entropy o f  activation can be 
extrapolated. For the nucleation rate constant, the slope o f  the straight line was 
10124.44 (± 146.0) and the intercept was -46.85 (± 0.47), figure 5.9. Consequently, 
the enthalpy o f  activation for the nucleation process AH\  was calculated to be - 
84.18 (± 1.21) kJ m o l 1, whilst the entropy o f  activation for the nucleation process 
AS\  was derived to be -  0.59 (± 0.01) kJ m o l '1 K '1.
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Figure 5.9: A plot of the nucleation rate constant over temperature as a function of reciprocal 
temperature. The gradient of the best fit line which is equal to -  AH/R was 10124.4 (± 146.0) and 
the intercept In (kB/h) + AS;R was -  46.85 (± 0.47). Only three temperature data points (34 °C, 38 
°C and 42 °C for 30 mg cm'3 protein concentration) were used as these showed a good fit to the 
kinetic model. All other temperature values showed a very poor fit to the model and so gave rate 
constants which had large errors and were not a true reflection of the actual experimentally 
obtained results.
The enthalpy o f  activation, A //2 , and the entropy o f  activation, ASS, for the 
elongation phase were graphically derived in the same way using A->. Thus, A H 2 
was calculated to be + 145.64 (± 20.62) kJ m o l '1 whilst the A S 2 was calculated as + 
0.24 (± 0.04) kJ m o l '1 K '1. Furthermore, the Gibbs free energy o f  activation, AG  
can also be obtained from the following relationship:
AG = AH - T A S  (5.7)
At physiological temperature o f  310 K, AGi was calculated as + 97.79 kJ m o l '1 for 
the nucleation phase, and + 70.31 kJ m o l '1 for the elongation phase. The 
experimentally  obtained therm odynam ic parameters o f  deoxyHbS polym erisation 
are summarised in table 5.9 along with the values for B-amyloid fibrillation.
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Thermodynamic
Parameters
HbS Nucleation HbS Elongation B-amyloid
E,
/kJ m ol’1
81.59 (± 1.22) 311.20
e 2
/kJ mol’1
148.22 (± 20.61) 95.30 (± 4 .60 )
AH 
/kJ m ol’1
- 84.18 (± 1.21) + 145.64 (± 20.62) + 308.60
AS
/kJ m ol’1 K’1
- 0.59 (± 0.01) + 0.24 (± 0.04) + 0.641
AG 
/kJ m ol’1
+ 97.79 (± 1.21) + 7 0 .3 1(± 20.62) + 109.8
Table 5.9: A comparison of the thermodynamic parameters for HbS polymerisation and B-amyloid 
fibrillation. HbS polymerisation experimental condition: HbS concentration 30 mg cm": 
temperatures 34 C, 38 C and 42 C; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCl; E = - 0.55 V vs. 
Ag/AgCl for 1000 s. B-amyloid fibrillation data obtained from study performed by Sabate et al. 
[103], see table 5.8 for experimental conditions.
The summation o f  the therm odynam ic parameters in table 5.9 shows that the 
enthalpy o f  activation (AH) and AH2 ) is approximately equal to the activation 
energy (Ei and E2 respectively), the conversion o f  one to the other depends on the 
molecularity. AG represents the driving power for a reaction and the sign o f  AG 
determines if  the reaction is spontaneous or not. The AG value was relatively 
constant for both processes. The positive sign for the AG values shows that the 
nucleation and elongation processes at the surface were not spontaneous, whilst the 
negative enthalpy value for nucleation indicated that the reactants, in this case, the 
formation o f  the nuclei was more stable than the reactants, the HbS m onom ers. The
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opposite was seen for the enthalpy o f  elongation. In comparison, table 5.10 [60] 
gives a summary o f  the therm odynam ic data obtained for deoxyHbS gelation from 
scanning calorimetric measurements in the temperature range 15 °C to 45 °C. It 
shows that the Gibbs free energy change is relatively constant as the temperature is 
increased from 15 °C to 45 °C, whilst in contrast there is a large decrease in 
enthalpy and entropy as a result o f  the large change in heat capacity accompanying 
polymerisation.
Temp (°C) Gsat 
(mg cm '3)
K b
(M -1)
AG 
(kJ m o l '1)
A /T  
(kJ m o l '1)
TAS  
(kJ m o l '1)
15 2140 220 -13.0 31.0 43.9
25 1760 315 -14.2 16.7 30.9
35 1620 368 -14.7 2.5 17.2
45 1740 323 -15.5 -12.1 3.3
Table 5.10: Thermodynamic parameters for deoxy-HbS polymerisation obtained from scanning 
calorimetric measurements. Experimental conditions: 0.15 M potassium phosphate, 0.05 M sodium 
dithionite, pH 7.15. "from van’t Hoff analysis of solubility data [60],
Positive enthalpy and entropy changes and the negative heat capacity for polym er 
formation are characteristic o f  protein aggregation driven by hydrophobic 
interactions. These results predict that the intermolecular contacts in the polym er 
are composed o f  van der Waals interactions rather than hydrogen bonds or ion-pair 
bonds. The difference in values between the calorimetric m easurem ents and those 
obtained from electrochemical modulated growth can be assigned to the different 
techniques and conditions used [30, 60].
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5.5.7 Effect o f  Changing pH
The effect o f  changing pH on turbidity was investigated by performing 
experiments in pH o f  6.80, 7.00, 7.20, 7.40 and 7.62 at HbS protein concentrations 
o f  30 mg cm '3 (Figure 5.10 (a)) and 75 mg cm '3 (Figure 5.10 (b)). 0.5 M NaCl was 
used as an additive and the experiments was perform ed at a temperature o f  38 °C.
a b
—  p H  6 .8 0
 p H  7 .0 0
 p H  7 .2 0
p H  7 .4 0
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Figure 5.10: UV-visible spectroelectrochemistry time traces showing changes in turbidity at 700 
nm at a Pt matrix electrode with increasing buffer pH at two HbS concentrations (a) 30 mg cm'3; 
(b): 75 mg cm'3; pH range 6.80 to 7.62; 1.5 M phosphate buffer; 0.5 M NaCl; 38.0 C; E = -0.55 V 
vs Ag/AgCl; run time 1000 s.
The aggregation o f  HbS was shown to be markedly dependent on the pH as the 
results obtained at the higher concentration o f  75 mg cm '3 (figure 5.10 (b)) showed 
protein aggregation was favoured by a slightly alkaline pH with the extent o f  
polymer nucleation and growth being greatest at pH levels o f  7.62 and 7.40. The 
results seen at both o f  these slightly basic pHs showed nucleation occurring 
immediately with no visible time delay. Furthermore, growth o f  HbS fibres at pH
7.62 reached a turbidity level o f  3.00 at the end o f  the experiment, nearly a third 
more than that seen at pH 7.40. Acidic pH o f  6.80 was the only data which showed 
a clear time delay for nucleation at 75 mg cm '3. At a pH o f  7.40 and 7.62 
monomeric HbS carries approximately 1 negative charge as the isoelectric point o f  
molecular HbA is 6.80 [109], however, the overall net charge o f  the polym eric 
protein is not known as the effect o f  a structural change into an ordered gel-like 
system o f  HbS polymers on the pi value has not been established. Therefore, the 
high level o f  turbidity seen at pH 7.62, as compared to other pHs, could possibly
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have been due to the stabilisation o f  HbS aggregates through a decrease in the net 
electrostatic repulsion between the polymers. Alternatively, a more basic pH could 
have provided greater hydrophobic specific interactions between HbS monomers 
leading to enhanced polymerisation o f  HbS fibres.
Previous free solution studies [28, 29, 110, 111] have shown that aggregation o f  
HbS is markedly dependent on the pH (chapter 1.2.2). These studies have shown 
that the solubility changes very little between pH 6 and 7 but increases sharply at 
more acid and alkaline values, probably because o f  changes in the ionisation state 
o f  histidines. Furthermore, these studies have indicated that the m inim um  in the 
solubility -  pH profile is at pH 6.5. In our pH experiments, polym erisation at a 
charged surface was favoured by an increase in buffer pH. Therefore, the presence 
o f  a negatively charged conducting surface had an impact on not only the polym er- 
polym er interactions but also polymer-electrode interactions. Furtherm ore, the 
turbidity profiles at pH 7.40 and 7.62 at the higher concentration o f  75 m g cm '3 
also showed the presence o f  the intermediary phase II.
The results seen at the lower concentration o f  30 m g cm '3 were not as clear as 
those for 75 mg cm '3. All data contained a time delay for nucleation before growth 
was seen whilst a neutral pH o f  7.00, rather than 7.62, exhibited the largest 
increase in turbidity. Acidic pH o f  6.80 once again showed no considerable change 
in turbidity levels compared to the other results.
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5.5.8 pH Analysis
Kinetic Scheme Analysis:
The fit o f  equation 4.4 to the pH turbidity profiles obtained for 30 mg cm '3 was 
extremely good for all p H ’s (R2 > 0.990) except for pH 6.80, table 5.11. The 
results showed that alkaline pH o f  7.40 and 7.62 exhibited the largest k\ value 
whilst pH 7 and 7.2 had the largest kj value as shown by  the turbidity time profiles 
seen in figure 5.10 (a). Furthermore, small changes in the pH gave rise to large 
variations in the rate constants, for example, a 0.2 unit increase in pH from 7.2 to 
7.4 gave a 2.5 fold decrease in the k\ value. The effective growth rate did not show 
significant correlation with pH.
pH k\
/ s ' 1
h2
/ M '1 s '1
akj
/ s - 1
R2
6.80 0.16 (± 0.15) x 10'3 0.31 (± 0.22) 0.14 (± 0.10) x 10'3 0.906
7.00 0.17 (± 0.01) x 10'3 13.32 (± 0.22) 6.19 (± 0.10) x 10~3 0.995
7.20 0.02 (± 0.001) x 10‘3 14.51 (± 0.22) 6.75 (± 0.10) x 10'3 0.991
7.40 0.48 (± 0.02) x 10'3 5.80 (± 0.03) 2.70 (± 0.10) x 10'3 0.997
7.62 0.25 (± 0.003) x 10'3 6.27 (± 0.03) 2.92 (± 0.01) x 10'3 0.998
Table 5.11: Nucleation rate constants k\ and elongation rate constants k2 to describe the HbS 
aggregation formation for pH in the range 6.8 to 7.62 at 30 mg cm'3 at the Pt matrix electrode. 
Experiment conditions: HbS 30 mg cm'3; pH 6.8 to 7.62; 1.5 M pH 7 phosphate buffer; 0.5 M 
NaCl; 38 °C; E = - 0.55 V vs. Ag/AgCl for 1000 s.
The fit o f  equation 4.4 to the turbidity profiles obtained from experim ents 
performed at 75 mg cm '3 was extremely poor for all pH values and so rate 
constants were not calculated. This was due to a rapid increase in turbidity  seen at 
the start o f  the experiment coupled with the decrease in turbidity seen during phase 
II.
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Linear Regression Analysis:
Table 5.12 shows the Phase I and Phase III linear regression data for pHs 6.8, 7, 
7.2, 7.4 and 7.62 obtained for a protein concentration o f  30 mg cm ° . It was seen 
that pH 7.62 showed the fastest phase I rate with a value more than twice that seen 
for other pHs. The rate o f  phase I for pHs 7.00, 7.30 and 7.40 were similar whilst 
pH 6.80 exhibited the slowest rate. The rates o f  Phase III how ever did not follow 
this pattern; the rate values for pH 7 and 7.2 were seen to be far greater than pH
7.62 whilst acidic pH o f  6.8 once again exhibited the slowest rate. No general 
trend was seen for either Phase I or Phase III with 30 mg cm ' protein.
Solution pH Rate o f  Phase I
/s '*
Rate o f  Phase II 
/ s ' 1
Rate o f  Phase III
/ s ' 1
6.8 0.30 (± 0.008) x 10'3 0.77 (± 0.007) x 10'3
7.0 0.73 (± 0.04) x 10'3 2.90 (± 0.03) x 10'3
7.2 0.61 (± 0.02) x 10° 2.85 (± 0.005) x 10‘3
7.4 0.49 (± 0.03) x 10'3 1.70 (± 0.009) x 10'3
7.62 1.75 (± 0.02) x 10'3 1.29 (± 0.002) x 10‘3
Table 5.12: Rate values for Phase 1 and Phase 111, calculated using linear regression analysis, for 
pH in the range 6.8 to 7.62 for 30 mg cm ' HbS concentration at a Pt matrix electrode. Experiment 
conditions: HbS concentration 30 mg cm'3; pH range 6.8 to 7.62; 1.5 M pH 7.0 phosphate buffer; 
0.5 M NaCl; temperature 38 °C; E = - 0.55 V vs. Ag/AgCl for 1000 s.
The pH linear regression data for 75 mg cm '3 is listed in table 5.13. Both Phase I 
and Phase III rate values were seen to increase with an increase in pH. The fastest 
Phase I rates were seen with the slightly alkaline pH o f  7.4 (22.4 (± 0.25) x 10'3 s' 
') and 7.62 (22.2 (± 0.02) x 10'3 s '1) whilst the slowest was pH 6.8 (1.18 (± 0.01) x
3
10' s' ); Phase I rate lor pH 6.8 was shown to be ten times sm aller than the rate
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value for pH 7 whilst eighteen times smaller than the rate value for pH 7.62. 
However, although a general trend o f  an increase in rate was seen with increasing 
pH for Phase III, only a small difference was seen as the rate o f  pH 7.62 was only 
two and a half  fold greater than the rate o f  pH 6 .8 . The rates o f  Phase II, only 
calculated for pH 7.4 and 7.62, showed a 0.6 (± 0.01) m s ’ 1 decrease with a 0.22 
increase in pH unit.
Solution pH Rate o f  Phase I 
/ s ’ 1
Rate o f  Phase II
/ s ’ 1
Rate o f  Phase III 
/ s ’ 1
6 . 8 1.18 (± 0 .0 1 ) x 1 0 ‘3 ::::::::::: ::: :: ::: ::: ::: ::: 1.90 (± 0.01) x 1 0 ’3
7.0 1 2 . 0 0  (± 0 .0 1 ) x 1 0 ' 3 1.92 (± 0.01) x 1 0 ' 3
7.2 8.01 (± 0.14) x 10' 3 2.69 (± 0.02) x 1 0 ' 3
7.4 22.4 (± 0.25) x 10' 3 -1.84 (± 0.04) X 10° 2 . 0 0  (± 0 .0 1 ) x 1 0 ‘ 3
7.62 2 2 . 2 0  (± 0 .0 2 ) x 1 0 ' 3 -2.43 (± 0.13) x 10'3 4.59 (± 0.01) x 1 0 ' 3
Table 5.13: Rate values for Phase I, Phase II and Phase III, calculated using linear regression 
analysis, for pH in the range 6.8 to 7.62 for 75 mg cm'’ HbS concentration at a Pt matrix electrode 
surface. Experiment conditions: HbS concentration 75 mg cm'3; pH range 6.8 to 7.62; 1.5 M pH 
7.0 phosphate buffer; 0.5 M NaCl; temperature 38 C; E = - 0.55 V vs. Ag/AgCl for 1000 s.
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5.5.9 Effect of Changing Salt Concentration
The effect o f  changing salt concentration or ionic strength on HbS gelation was 
investigated by performing experiments at varying N aC l concentrations (0.10 M, 
0.25 M, 0.50 M, 0.75 M and 1.0 M) at HbS concentrations o f  30 mg cm ' 3 (figure 
5.11 (a)) and 75 mg cm ' 3 (figure 5.11 (b)). Turbidity  changes at the Pt matrix were 
monitored at a temperature o f  38 °C.
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Figure 5.11: UV-visible spectroelectrochemistry time traces showing changes in turbidity at 700 
nm in a Pt matrix cell with increasing NaCl concentration at two HbS concentrations (a) 30 mg 
cm'3; (b) 75 mg cm '3; NaCl range 0.10 M to 1.00 M; 1.5 M (pH 7.0) phosphate buffer; 38.0 C; E =
-0.55 V vs. Ag/AgCl; run time 1000 s.
The results seen at 30 mg cm ' 3 showed that NaCl salt concentration had a m arked 
effect on HbS fibre formation. Increasing salt concentration in the range 0.25 M to 
1.00 M decreased the time delay from nearly 620 s at 0.25 M to 90 s at 1.00 M. 
Furthermore, the turbidity amplitude also increased as the salt concentration was 
increased up to 0.75 M. A further increment to 1.00 M, however, slightly inhibited 
gelation. A lthough the shortest time delay was apparent with 1.00 M N aCl, the 
largest turbidity at the end o f  the experiment was seen with a concentration o f  0.75 
M, meaning that different factors were influencing the two distinct nucleation and 
growth pathways. A salting-in effect occurs at low salt concentrations where the 
solubility o f  protein is increased slightly due to the Hb protein being screened by 
the salt counter ions (ions o f  opposite net charge). This results in decreased 
electrostatic free energy o f  the protein and increased activity o f  the solvent, thus 
leading to increased solubility. At higher salt concentrations, a salting-out effect,
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where the solvating power o f  the salt ions is decreased due to the abundance o f  the 
salt ions, leads to the solubility o f  the proteins being decreased also. Consequently, 
a significant increase in polymer growth was seen at the higher salt concentrations 
as compared to the lower concentrations.
Literature studies o f  salt effects have shown that the effect o f  ionic strength on the 
aggregation and growth o f  HbS depends on the particular salt and concentration o f  
salt used [85, 111]. For the sodium and potassium salts o f  m onovalent anions, the 
solubility increases with increasing concentration up to 0.3 M but then decreases at 
higher concentrations, with a HbS saturation to salt concentration value o f  50 mg 
cm ’3 M ' 1 for NaCl [30]. This result suggests that there are favourable electrostatic 
interactions occurring between the molecules at low salt concentrations which are 
being dampened by an increase in ionic strength up to 0.3 M. However, the reason 
for the decrease in solubility above a value o f  0.3 M salt is unclear.
The results seen at 75 mg cm ' 3 (figure 5.10 (b)) also showed significant ionic 
strength dependence on the gelation o f  HbS fibres. At this HbS concentration, all 
salt concentrations showed the presence o f  a nucleation time delay and the 
turbidity amplitude at 1.0 M was significantly larger than other molarities, in 
contrast to the results seen at 30 mg cm’3. Moreover, the presence o f  the 
intermediary phase was also observed with 1.0 M salt concentration. This 
phenomenon, seen previously with other parameters at conditions conducive to fast 
polymerisation kinetics such as at high HbS concentrations (figure 5.6) and 
temperatures (figure 5.7), only occurred when the combined salt and buffer ionic 
strength was maximal, i.e. at a salt concentration o f  1.00 M in 1.50 M phosphate  
buffer.
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5.5.10 Salt Concentration Analysis
Kinetic Scheme Analysis:
Table 5.14 shows the rate constants derived from NaCl salt concentration 
experiments performed at 30 mg cm '3. In this data set only salt concentrations o f  
0.50 M and 0.75 M showed a good fit. k\ was seen to decrease by  increasing the 
salt molarity from 0.50 M to 0.75 M whilst hi increased three fold at the same salt 
range. Consequently, it was seen that the effective growth rate was dependent on 
salt molarity.
Salt conc. k t / s ' 1 k2 / M ' 1 s' 1 ak2 / s ' 1 R 2
0.25 0.04 (± 0.003) x 10' 3 7.50 (± 0.22) 3.49 (± 0.1) x 10 ' 3 0.935
0.50 0.24 (± 0.02) x 10‘ 3 6.90 (± 0.22) 3.21 (± 0.1) x 10' 3 0.989
0.75 0.007 (± 0.002) x 10 '3 22.30 (± 0.23) 10.4 (± 0.1) x 10' 3 0.999
1 . 0 0 0.74 (± 1.85) x I0 '3 0.25 (± 0.50) 0 . 0 1  (± 0 .2 ) x 1 0 ' 3 0.947
Table 5.14: Nucleation rate constants k\ and growth rate constants k2 to describe the HbS 
aggregation formation for NaCl salt concentration in the range 0.25 M to 1.00 M at HbS 
concentration o f 30 mg cm '3at a Pt matrix electrode. Experiment conditions: HbS concentration 30 
mg cm '3; NaCl salt concentration range 0.25 M to 1.00 M; 1.5 M pH 7.0 phosphate buffer; 
temperature 38 °C; E = - 0.55 V \\s. Ag/AgCl for 1000 s.
On the other hand, all turbidity profiles at 75 m g cm ' 3 showed a good fit with the 
predicted values obtained from the kinetic model. The rate constants and R 2 values 
for 75 mg cm ' 3 are tabulated in table 5.15. The k\ values were generally  seen to 
decrease with increasing salt concentrations. A ten fold increase in NaCl m olarity  
from 0.1 M to 1.0 M saw a six fold decrease in the polym erisation k\ value, whilst, 
kj values were generally seen to be linearly dependent on the salt concentration.
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The effective growth rate was shown to have significant correlation with salt 
concentration.
Salt conc. 
/ M
k\ / s k2 / M ' 1 s ' 1 akj / s ' 1 R 2
0 . 1 0.16 (± 0.004) x 10' 3 1.39 (± 0.009) 1.61 (± 0 .0 1 ) x 1 0 ' 3 0.994
0.25 0.17 (± 0.09) x 10' 3 0.07 (± 0.007) 0.08 (± 0 .0 1 ) x 1 0 ' 3 0.955
0.50 0.17 (± 0.05) x 10*3 0.56 (± 0.09) 0.65 (± 0.10) x 10 ' 3 0.945
0.75 0.013 (± 0.001) x 10' 3 2.94 (± 0.01) 3.41 (± 0.01) x 10' 3 0.986
1 . 0 0.028 (± 0 .0 0 2 ) x 1 0 ' 3 6.69 (± 0.09) 7.76 (± 0.10) x 10' 3 0.991
Table 5.15: Nucleation rate constants k\ and growth rate constants k2 to describe the HbS 
aggregation formation for NaCl salt concentration in the range 0.25 M to 1.00 M at HbS 
concentration of 75 mg c rrra t a Pt matrix electrode surface. Experiment conditions: HbS 
concentration 75 mg cm '3; NaCl salt concentration range 0.25 M to 1.00 M; 1.5 M pH 7.0 
phosphate buffer; temperature 38 °C; E = - 0.55 V vs. Ag/AgCl for 1000 s.
Linear Regression Analysis:
Table 5.16 lists the linear regression gradient data o f  Phase I and Phase III for 30 
mg cm '3 HbS. 0.1 M data is not shown due to very little growth being seen. No 
correlation was seen for either Phase I or Phase II with salt concentration. On the 
other hand Table 5.17 which lists the Phase I, Phase II and Phase III data for 75 
mg cm ' 3 shows a significant correlation with salt concentration. The rates o f  Phase 
I and Phase III were both seen to increase significantly with increasing salt 
concentration. Furthermore, it can also be noticed that the rate o f  nucleation Phase 
I tended to be greater than the respective rate o f  growth Phase III. The initial 
nucleation step is usually the rate limiting step and is slower than the grow th step 
o f  polym erisation but this was not seen in table 5.17.
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Salt Concentration 
/ M
Rate o f  Phase I 
/ s ’ 1
Rate o f  Phase II 
/  s- 1
Rate o f  Phase III 
/ s ' 1
0.25 0.37 (± 0.01) x 10 '3
m a m m i u m
1.85 (± 0.01) x 10 ' 3
0.50 0.49 (± 0.02) x 10'3 3.01 (± 0.02) x 10' 3
0.75 0.43 (± 0.01) x 10' 3
: ::::::::::::::::::::::
6.87 (± 0.02) x 10°
1 . 0 0 0.33 (± 0.02) x 10'3
....................... .* .** - - r * _r • • • • • •  « r • 3.20 (± 0.02) x 10 ' 3
Table 5.16: Rate values for Phase 1 and Phase 111, calculated using linear regression analysis, for 
NaCl salt in the range 0.1 M to 1.0 M for 30 mg cm" HbS concentration at a Pt matrix electrode. 
Experiment conditions: HbS concentration 30 mg cm '3; NaCl salt range 0.1 M to 1.0 M; 1.5 M pH 
7.0 phosphate buffer; 0.5 M NaCl; temperature 38 C; E = - 0.55 V vs. Ag/AgCl for 1000 s. Salt 
concentration o f 0.1 M showed minimal growth and so was not analysed. Turbidity profiles 
showed no Phase II for these results.
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Salt Concentration 
/ M
Rate o f  Phase I 
/ s '
Rate o f  Phase II 
/ s ' 1
Rate o f  Phase III
/ s '
0 . 1 0 0.40 (± 0.01) x 10‘3 2.50 (± 0.01) x 10 '3
0.25 5.94 (± 0.08) x 10' 3 0.97 (± 0.01) x 10' 3
0.50 8.18 (± 2 .0 0 ) x 1 0 ' 3 1.76 (± 0.01) x 10~3
0.75 17.6 (± 0.34) x 10' 3 4.78 (± 0.01) x 10' 3
1 . 0 0 15.4 (± 0.32) x 10‘3 -1.80 (± 0.04) x 10' 3 12.0 (± 0.09) x 10 ‘3
Table 5.17: Rate values for Phase I, Phase II and Phase III, calculated using linear regression 
analysis, for NaCl salt in the range 0.1 M to 1.0 M for 75 mg cm '' HbS concentration at a Pt 
matrix electrode surface. Experiment conditions: HbS concentration 75 mg cm "; NaCl salt range 
0.1 M to 1.0 M; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCl; temperature 38 C; E = - 0.55 V vs. 
Ag/AgCl for 1000 s.
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5.6 The Double Nucleation Mechanism at Surfaces
Traditionally, the nucleation controlled polym erisation mechanism o f  HbS, 
generally referred to as the double nucleation mechanism , has been shown to 
consist o f  two types o f  kinetic processes in equilibrium; the rate limiting critical 
nuclei formation or homogeneous nucleation and autocatalytic explosive growth 
termed as heterogeneous nucleation. However, the absorption spectra o f  certain 
light scattering experiments conducted in this chapter showed the presence o f  an 
intermediary process (Phase II, figure 5.5), consisting o f  a large decrease in 
turbidity, after the initial nucleation step.
Figure 5.12 shows a schematic representation o f  the shift in turbidity profiles from 
low to high concentrations whilst figure 5.12 (c) specifically shows a 
representation o f  this unknown intermediary Phase II seen at a protein 
concentration o f  100 mg cm '3. This phenomenon was also seen at experim ents 
performed at high temperatures, such as 42 °C, as well as at high pH levels and 
salt concentrations. To the best o f  our knowledge, this was the first tim e such a 
process had been seen with regards to the polymerisation o f  HbS at a conducting 
surface.
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Figure 5.12: A schematic representation o f the shift in turbidity profiles from low to high protein 
concentrations, (a) turbidity profile o f HbS concentration of 30 mg cm '3 showing the classical two 
phase polymerisation process consisting o f a nucleation time delay followed by growth, (b) 
turbidity profile o f 75 mg cm'3 HbS showing an unorthodox two phase polymerisation process 
with no time delay followed by steady protein growth, (c) turbidity profile o f 100 mg cm '3 HbS 
showing deviation from the two step mechanism, instead a three step mechanism was seen with no 
initial time delay followed by an unknown process, characterised by a decrease in turbidity 
(highlighted in red), and completed by protein growth. Not to scale.
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The large decrease in turbidity, seen in the red shaded section in figure 5.12 (c), 
occurred as a result o f  changes to the structure o f  the aggregates at the electrode 
leading to changes in their absorbance properties. This subsequently caused light 
to be scattered in a different way to before. Changes in polym er structure which 
might have caused this decrease in turbidity could have been due to the depletion 
o f  the polymer structure from the light path, such as the hair like polymer 
structures seen in figure 3.3 (b) dissolving in the solution or breaking away from 
within the holes, or. due to some sort o f  reorganisation or realignment o f  the fibres 
during the transition between the hair-like hair strands (seen in figure 3.3 (b)) and 
the globular phase (seen in figure 3.5 (b)). Furthermore, this phenom enon was cell- 
specific as this phase was only seen with experiments conducted with the Pt matrix 
cell. No such results were seen with the Au micro-mesh cell. Consequently, the 
multiple hole geometry o f  the Pt matrix WE aided the observation o f  this process. 
Recent studies by Pan et al. [112, 113] have shown that metastable clusters o f  
dense liquid, several hundred nanometres in size, can form in solutions o f  HbS 
within a few seconds and participate in the nucleation mechanism. The 
polymerisation process in this case proceeds via a three step mechanism with the 
nuclei o f  the polymer fibres forming inside the clusters followed by the growth 
process. The nucleation o f  deoxy HbS polymers thus proceeds via a two step 
mechanism in o f  itse lf rather than the one step traditional pathw ay. Furtherm ore, it 
was also shown that high concentration phosphate buffer enhanced the dense liquid 
whilst the cluster size was seen to increase at high Hb concentrations and 
temperatures [112]. Therefore, another possibility could be that this in term ediary  
phase occurs as a result o f  the formation o f  clusters. The fact that the intermediary- 
process in our experiments was only seen at conditions which were conducive to 
enhanced cluster formation as well as fast nucleation and growth kinetics, such as 
at high Hb concentrations o f  100 mg cm '3, temperatures o f  42 °C, pHs 7.62 o f  7.40 
and salt concentrations o f  1.0 M, suggested that at these conditions a stronger 
driving force for cluster formation was provided within which nucleation o f  the 
polym er fibres could occur. Other nucleation dependent polym erisation 
mechanisms, such as B-amyloid fibrillogenesis are also seen to occur with the 
presence o f  intermediate peptides termed protofibrils. These form after the 
nucleation stage and associate end to end and laterally to form amyloid fibrils. 
Amyloid m onom ers also form micelles, once the concentration exceeds a certain
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level called the critical m icellar concentration, which act as a reservoir o f  
monomers and form nuclei through the m onom ers [93].
Although it has been established that the aggregation o f  HbS free in solution 
consists o f  two phases, no study thus far has focussed on the polymerisation o f  
HbS at a conducting surface. Consequently, it is believed that this phenom enon 
was 'surface facilitated' and only detected by the light scattering experiments at 
conditions where kinetics tended to be fast. The presence o f  a surface could have 
acted as an anchor for the formation o f  intermediate structures allowing three 
phases to be present at any one time in equilibrium, a m onom er-conta ining 
solution phase, a polymer phase and the intermediate phase. However, further 
work is required to ascertain the exact nature o f  the structures involved in our 
study and whether this process was an intermediary phase due to the presence o f  
intermediate hair-like aggregate structures or the formation o f  intermediate dense 
protein clusters. The lack o f  studies performed in the presence o f  a surface, which 
possibly facilitates this intermediary phase II, explains why this has not been 
reported by other investigators previously. This finding could have a significant 
impact on the understanding o f  the fundamental mechanism o f  HbS polym erisation  
and thus not only the pathophysiology o f  the disease but also strategies to com bat 
this condition. Although not concrete, there is information which suggests that 
variations to the double nucleation m echanism could exist.
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5.7 Conclusions
In this chapter, a Pt matrix thin layer electrochemical cell was fabricated to 
investigate the effect o f  four parameters on the gelation o f  HbS at a conducting 
surface. It was shown that the design o f  this particular cell was better than those 
used previously as this arrangement effectively allowed HbS nucleation and 
aggregation to be monitored in the vicinity o f  individual holes. Theoretical
(S'modeling o f  O 2 depletion in the Pt matrix cell was performed with Comsol and 
showed that O 2 was reduced within 2 0  s o f  the start o f  the experiment, com pared to 
the spectroscopy obtained 200 s seen with the Pt m icromesh cell. Experim ents 
performed with varying protein concentration showed a large concentration 
dependence on the kinetics o f  HbS fibre aggregation. A clear exhibition o f  a delay 
period was seen which was prolonged with dilution o f  HbS solutions, whilst 
protein elongation was also directly related to HbS concentration. This was 
because as solutions became more concentrated, HbS molecular collisions 
increased and thus there was more chance o f  a hydrophobic interaction occurring 
between the mutated valine residue o f  one HbS and the 6  subunit o f  another, 
leading to a decrease in nucleation time and an increase in polymer growth. It was 
also shown that aggregation o f  HbS at a conducting Pt matrix surface was linearly 
dependent on the temperature in the range 25 °C to 42 °C and that polym er grow th 
at a conducting surface was favoured by elevated temperatures with the largest 
increase in fibre growth being seen at 42 °C. This value was in contrast to the 
reported data o f  35 °C at which temperature the solubility-minimum o f  HbS was 
seen, possibly due to differences in the m echanism o f  protein aggregation at a 
liquid-liquid interface as opposed to liquid-solid interfaces. M oreover, the 
investigations revealed that protein aggregation was favoured by a slightly alkaline 
pH with the extent o f  polym er nucleation and elongation being greatest at pH 
levels o f  7.62 and 7.40 whilst significant ionic strength dependence on the gelation 
o f  HbS fibres was also shown.
Experiments performed at protein concentrations o f  100 mg cm '3, tem peratures o f  
42 °C, as well as alkaline pH levels and high salt concentrations showed the 
presence o f  an intermediary Phase II process in the turbidity profile, consisting o f  
a large decrease in turbidity after the initial nucleation step. Com parisons with 
control proteins showed that this was a real process and it was postulated that this
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process could have been as a result o f  interm ediary aggregates causing a decrease 
in the extent o f  light scattering.
Kinetic parameters were calculated using two m ethods o f  analysis. It was shown 
that the highest effective growth rate, calculated using the kinetic scheme model, 
was obtained for a temperature o f  42 °C at a HbS concentration o f  30 mg cm ' 3
•> I
(9.93 (± 0.2) x 10* s’ ) whilst the lowest value was obtained for a salt 
concentration o f  0.1 M at 75 mg cm ' 3 HbS (1.61 (± 0.01) x 10 ' 3 s ' 1). k\ was seen to 
be several orders o f  magnitude smaller than ki showing that the nucleation process 
was slower than the growth process and thus the rate limiting step. Com parison o f  
the linear regression rate values showed that the highest nucleation Phase I value 
was obtained for a pH o f  7.62 at 75 mg cm ' 3 HbS (22.20 (± 0.02) x 10 ' 3 s '1) whilst 
the highest Phase III value was for 1.0 M salt concentration at 75 m g cm ' 3 (12.0 (±
•> i
0.09) x 10' s' ) HbS. The linear regression analysis provided a closer reflection o f  
the experimental data than the kinetic scheme as a number o f  conditions showed a 
poor fitting to the model. Thermodynamic parameters were also derived from the 
temperature rate constants. Activation energies for the nucleation and elongation 
stages o f  HbS polymerisation were calculated to be 81.59 (± 1.22) kJ m o l ' 1 and 
148.22 (± 20.61) kJ m ol ' 1 respectively whilst the Gibbs free energy was calculated 
to be 97.79 (± 20.62) kJ m ol ’ 1 and 70.31 (± 1.21) kJ m ol ' 1 respectively. A larger 
elongation activation energy value indicated that nucleation at the surface was 
more favourable than elongation.
This is the first known study which has been performed at a solid conducting metal 
surface, combining electrochemical deoxygenation and HbS, to investigate the 
effect o f  different variables on the kinetics o f  HbS polymerisation. This study has 
shown the possibility o f  using this advanced electrochemical matrix cell as a 
screening device even when there is limited availability o f  protein, w hilst also 
showing the great importance o f  coupling concentration with tem perature  to 
achieve an accelerated fibre growth rate for future use as a screening device. A 
screening device could be used to test a variety o f  compounds which disrupt the 
polym er formation as a route to a therapeutic strategy for this disease. K now ledge 
o f  how these parameters affect the kinetics and dynamics o f  nucleation and growth 
o f  HbS polymerisation at a surface will provide a better understanding o f  the 
pathophysiology o f  sickle cell disease in vivo in order to im prove therapeutic  
strategies for this common, and frequently disabling, genetic disorder.
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Chapter 6: Anti-Sickling Strategies
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6.1 Introduction
In this chapter, therapeutic strategies which affect the anti-sickling properties o f  
HbS polymers were investigated. Two strategies which could be investigated 
easily using our electrochemical system were firstly testing compounds whose 
mechanism o f  action was specific to disrupting fibre formation o f  HbS polymers. 
As such, the effect o f  two anti-sickling biological agents, vanillin and 5-HM F, on 
the extent o f  polymerisation and kinetics o f  growth was investigated at the Pt 
matrix WE. Secondly, the effect o f  changing electrode surface properties was 
investigated by thiolation o f  the conducting surface. This was perform ed to define 
properties which minimise protein growth and therefore reduce the dam age which 
occurs to the plasma membrane in vivo during the polym erisation process. The 
damage encountered by the membrane during the polymerisation process forms an 
integral part o f  the pathophysiology o f  SCD and thus can be a targeted as a 
therapeutic strategy.
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6.2 Experimental
6.2.1 Materials and Procedures
The experiments were performed according to experimental procedure 6 . HbS 
protein was dissolved in air-saturated 1.5 M (pH 7) phosphate  buffer solution and 
0.5 M NaCl and UV-visible spectroelectrochemistry was employed. The Pt matrix 
and Au micromesh thin layer electrochemical cells w ere used. Vanillin and 5HMF 
were used as supplied and added to the protein solution in concentrations ranging 
from 0.29 mM to 11.6 mM. The thiol compounds used were 3 -m ercap to -l-  
propenesulfonic acid, 2 -mercaptoethanol, 1 -butanethiol and cystam ine 
dihydrochloride in concentrations o f  2 mM. HbA protein was used for the control 
experiments and the mixtures were prepared in the same way. All experim ents 
were performed at room temperature unless otherwise stated. The general 
experimental and all apparatus for the above techniques are described in chapter 2 .
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6.2.2 Forming a Thiol Monolayer on Au
Forming a thiol se lf  assembled m onolayer on the Au surface, be it the Au 
micromesh or the Au matrix cell, was perform ed in the same manner. A 1. 6  mM 
solution o f  dilute H 2 SO 4 was placed in a beaker and 2 mM  o f  the thiol compound 
was added. The electrode surface was thoroughly  cleaned electrochem ically  and 
the thiol solution was pippetted inside the coverslip and left to incubate for 2  hrs. 
After 2 hrs the cell was rinsed with copious amounts o f  w ater and stored in water 
to prevent any oxidation o f  the thiols occurring until used. HbS solution was 
placed inside the cell and CVs were performed on the thiolated Au surface to 
ascertain the potential window for the adsorption and desorption o f  thiols so that 
the O 2 reduction process did not cause reduction o f  thiols. This set o f  experim ents  
was performed for each thiol separately. Figure 6.1 shows a CV perform ed at a 3- 
m ercapto-l-propenesulfonic  acid thiolated surface and the presence o f  two 
shoulders can be seen. The first shoulder was due to the presence o f  O 2 (-0.4 V to -
0.8 V) and the second, in the range -0.8 V to -  1.0 V was attributable to the 
reduction o f  the thiol.
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Figure 6.1: CV of 3-mercapto-l-propenesulfonic acid thiolated Au surface performed at a scan 
rate of 100 mV s 1 to ascertain the potential window for the reduction o f the thiol. The first 
shoulder between -0.4 V to -0.8 V was attributable to 0 2 reduction whilst the thiol reduction 
shoulder was seen from -0.8 V to around -1.0 V.
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Once the HbS experiment had finished, the removal o f  thiols was achieved by 
rinsing the cell with copious amounts o f  water to remove the excess protein 
underneath the coverslip (i.e. protein which might be stuck to the electrodes or the 
glass surface) and placing it in an equimolar m ixture o f  ethanol/H 2 0  for 5 mins. 
Subsequently, the thiols were stripped by electrochemical cycling o f  dilute H 2 SO 4 
(two sets o f  30 cycles were performed), a larger potential w indow  than normal (+ 
1.35 V to -  0.90 V) was used as the reduction o f  thiols occurs at more negative 
potentials. The cell was again rinsed thoroughly to remove recycled acid along 
with any stripped thiols and a new solution o f  H 2 SO 4 was used to 
electrochemically clean the electrodes, but this time at the normal potential 
window used earlier to clean the bare Au electrode (+ 1.35 V to -  0.50 V). A final 
rinse was performed to remove traces o f  any contaminations. Figure 6.2 shows the 
structures o f  the thiol compounds used in the thiol experiments
Figure 6.2: Structures o f the thiol compounds used in the experiments: (a) 2-mercaptoethanol; (b) 
3-mercapto-l-propenesulfonic acid; (c) 1-butanethiol; (d) cystamine dihydrochloride
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6.3 Pathophysiology of SCD
The polymerisation o f  HbS is the prim ary process in the pathophysiology of  the 
disease. Normal bi-concave shaped RBCs, approxim ately  8 pm  in diameter, are 
elastic and therefore easily pass through smaller blood vessels o f  3 pm diameter 
[114]. However, repeated episodes o f  sickling cause a perm anent change in the 
shape o f  the cell and loss o f  cell elasticity even w hen O 2 concentration increases. 
Consequently, rigidified sickled cells lead to occlusion o f  capillaries and small 
vessels, triggering an avalanche o f  haemolysis and vaso-occlusive events including 
local inflammation, oxidant damage, deregulated homeostasis o f  nitric oxide (NO) 
and endothelial-cell injury. This subsequently leads to a num ber o f  complications 
including painful episodes, chronic haemolytic anaemia and possible end organ 
damage and premature mortality [114, 115].
HbS polymerisation, in addition to deforming the cell into a sickle shape, also 
causes injury to the erythrocyte by damaging the plasma m em brane cytoskeleton, 
thus reducing cation and water content and altering the distribution o f  m em brane 
proteins and lipids, such as the extracellular exposure o f  protein epitopes and 
glycolipids that are normally found inside the cell [116]. Cellular dam age and the 
disruption o f  the plasma membranes in particular, increase adhesive interactions 
between sickle cells, endothelial cells and leukocytes; multiple studies have 
implicated virtually all major adhesion pathways in the interactions between sickle 
cells and endothelial cells [116 - 118]. Thus, sickle adhesion to the endothelium 
plays a significant role in sickle cell vaso-occlusion, figure 6.3.
Furthermore, plasma m em brane injury and chronic haemolysis impairs cation 
homeostasis and triggers local inflammation [115]. Sickle cells have a reduced
•y . • y i
Mg content due to the net loss o f  M g during sickling, possibly due to an 
increased activity o f  the N a+ - M g2+ exchanger, whilst the K+ - CT co-transport, 
which mediates sickle cell dehydration, is significantly higher in patients with 
SCD [119]. On the other hand, dehydrated dense sickle cells expose negatively 
charged glycolipids on the outer layer o f  the plasma m em brane, which 
subsequently activate the coagulation cascade, leading to the generation o f  tissue 
factor and thrombin, and thus prom oting an inflammatory response [116, 120].
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Figure 6.3: Sickle cell vasoocclusion. Adhesion o f sickle RBC to endothelial cells induces the 
expression of inflammatory and coagulation mediators leading to the activation o f the vascular 
endothelium. Stimulated endothelial cells recruit rolling leukocytes which capture sickle RBC 
leading to transient episodes o f vascular occlusions that are initiated in the venules [116].
M oreover, haemolytic anaemia or the premature destruction o f  RBCs causes Hb to 
be liberated into the plasma. This plasm a Hb converts NO to bio-inactive nitrate 
whilst the substrate for the production o f  NO, Z-arginine, is also destroyed. 
Reduced endothelial bioavailablity o f  NO impairs important functions such as 
inhibition o f  platelet activation and repression o f  cell-adhesion m olecule and also 
enhances vasoconstriction, which again increases the likelihood o f  sickle cell vaso ­
occlusion and induces endothelial damage [115, 121]. Consequently, HbS 
polymerisation not only causes rigid and sharp sickled cells leading to occlusion  o f  
capillaries and small vessels, but also leads to a heterogeneous population o f  sickle 
cells with damaged m embrane cytoskeletons (figure 6.4), triggering a cascade o f  
events resulting in ischaemia amd tissue and organ damage.
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Figure 6.4: Membrane cytoskeleton and plasma membrane damage due to HbS polymerisation. 
HbS polymers disrupt the RBC cytoskeletion and form protusions which results in exposure o f the 
transmembrane protein epitopes and lipid exchanges, notably o f phosphatidylserine (PS) between 
the inside and outside o f the cell [116]
Although the pathophysiology o f  the disease is manifested and m odulated  through 
various types o f  factors, including genetic, cellular and environm ental, two 
interrelated events, vaso-occlusion and haemolytic anaemia, essentially  cause 
clinical disease. These events are driven by the degree o f  sickle erythrocyte 
adhesion to the vascular endothelium and the extent o f  plasma m em brane damage. 
The presence o f  such diverse mechanisms and factors driving these processes need 
to be carefully considered before physiologically relevant therapeutic agents can 
be delineated.
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6.4 Current Therapies for SCA
Even though major strides are being m ade in developing pharmacologically 
efficacious agents, currently, no clinically useful anti-sickling agents exist even 
though numerous have been studied and reported. At the moment, there are four 
potential pathophysiological based therapeutic approaches to SCD and these 
mechanisms can be listed as follows:
1. inhibition o f  HbS polymerisation
2. prevention o f  RBC dehydration
3. prevention o f  RBC adhesion to vascular endothelium
4. gene therapy
Inhibition of HbS Polymerisation
The therapeutic strategy o f  specifically inhibiting the polym erisation o f  
deoxygenated HbS to combat SCD can be broken down into two further 
approaches: pharmacological induction o f  HbF and chemical modification o f  HbS 
polymerisation.
HbF induction:
Pharmacological induction o f  HbF can be considered as the most successful 
approach to date. An increase in HbF levels causes hybrid Hb tetramers to form 
which are not incorporated into the polym er phase, thus causing the solubility  o f  
HbS to be increased as a result o f  a variable intracellular Hb composition. The 
mechanism o f  HbF induction is thought to occur either through gene 
hypomethylation or by cytotoxicity which offers a selective advantage for HbF- 
producing erythroid progenitors [114, 122, 123].
Hydroxyurea, a potent inducer o f  HbF, was first demonstrated to be biologically  
active in 1928 [124] and a clinical study conducted in 1995 showed that 
hydroxyurea reduced the frequency o f  episodes o f  pain, acute chest syndrome, 
hospitalisation and the need for blood transfusion [125]. H ydroxyurea prevents 
RBC sickling by increasing the synthesis o f  HbF. Recent studies have indicated 
that the effects o f  hydroxyurea are not only caused by an increase in HbF 
concentration but may also be dependent on a num ber o f  additional m echanism s,
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including an increase in soluble guanylyl cyclase, which in turn, leads to increased 
cyclic guanosine monophosphate, a facilitator o f  y-globin gene induction [126]. It 
has also been implicated in the stimulation o f  a potent vasodilator NO [127] and 
been shown to decrease the adhesion o f  sickle cells to endothelium [115]. 
However, even though currently hydroxyurea rem ains the only approved 
therapeutic agent for SCD therapy, a lack o f  efficacy and num erous adverse effects 
ensure that the long term benefits and toxicities o f  hydroxyurea are controversial 
[114] and are still being investigated.
Chemical Modification o f HbS Polymerisation:
Chemical modification o f  HbS by an agent, which interacts directly  with HbS 
causing an inhibition o f  the polymerisation process, is an attractive therapeutic 
approach to combat this disease. Disruption at this stage o f  the d isease life cycle 
would mean the cascade o f  adverse events associated with the secondary processes 
in the pathophysiology o f  SCD would not be manifested. Consequently , 
investigations in this chapter focussed on using the thin layer electrochemical cell 
as a novel assay system to investigate the efficacy o f  potential anti-sickling agents 
which may disrupt the polymerisation o f  HbS.
Although many compounds have been tested, the lack o f  success in developing a 
clinically useful anti-sickling agent to date has been due to the excessive amount 
o f  drug required to interact stereospecifically with the large quantity o f  Hb present 
in humans. Covalent modification o f  the HbS protein would require at least an 
equimolar concentration o f  the drug to increase anti-gelling activity and therefore a 
substance with little or no toxicity would be needed.
A number o f  naturally occurring and synthetic aldehydes were investigated by 
Zaugg et al. [128] and found that aromatic aldehydes, particularly vanillin (2,4- 
dihydroxybenzaldehyde) and 5-hydroxymethyl-2-furfural (5HM F) m arkedly  
increased the O2 affinity o f  HbA and HbS under hypoxic conditions by form ing 
Schiff base (imine) linkages with the N-terminal aV a ll  nitrogens o f  Hb [129]. In 
Schiff-base formation, equilibrium o f  the following type is established:
Hb -  NHi + R -  CHO <->H b - N  = C H - R  + Hi O
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Vanillin (figure 6.5 (a)) decreases HbS polym erisation  by allosterically modulating 
the HbS molecule to the high affinity state, and concurrently  inhibiting the T state 
HbS polymerisation. Furthermore, vanillin is an extrem ely good candidate as an 
anti-sickling agent as it is a food additive on the GRAS (generally regarded as 
safe) list and has little adverse effects at high dosages [130]. However, vanillin has 
low oral bioavaiability due to rapid decomposition in the digestive tract, and thus a 
pro-drug o f  vanillin has been developed. The pro-drug, M X -1520, has been 
investigated in rodents and shown to be bioavailable after oral administration in 
rats and still retain its efficacy [131]. 5HMF (figure 6.5 (b)), another naturally 
occurring compound, has been reported to inhibit sickling by up to four times more 
than vanillin [132]. 5-HMF also allosterically shifts O 2 equilibrium curves towards 
the left and was found to be rapidly absorbed into the bloodstream, binding and 
modifying HbS molecules at levels as high as 90% without being destroyed in the 
gastrointestinal tract [132].
OH
OH
HO
b
Figure 6.5: The structures of (a) vanillin and (b) 5HMF
Prevention of RBC Dehydration
The formation o f  dense and dehydrated sickle RBCs play a key role in the 
initiation o f  vaso-occlusion as HbS concentration directly im pacts on HbS 
polymerisation. Therefore, hydration o f  erythrocytes by way o f  transport pathways 
that mediate red cell dehydration have led to the development o f  specific therapies 
to reduce cell density and HbS polymerisation. Studies have shown that decreasing 
the MCHC increases the delay time o f  sickling, providing enough time for cells to 
return to the lungs and be reoxygenated [114].
Currently, magnesium (Mg) pidolate [133], which increases erythrocyte Mg levels 
and decreases K+-C f  co-transport activity and cell dehydration, as well as ICA-
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17043 [134], which is a potent inhibitor o f  the G ardos channel thereby preventing 
Ca2+ dependent dehydration o f  sickle cells, have shown huge promise. Both o f  
these drugs are currently in Phase III clinical trials.
Prevention of RBC Adhesion
Cell injury as a direct result o f  HbS polym erisation leads to enhanced interaction 
o f  sickled cells with the vascular endothelium as well as to other cells such as 
activated neutrophils. Enhanced RBC adhesion leads to augm entation o f  vaso- 
occlusive events and therefore agents which might prevent these adhesive 
interactions in SCD are being investigated for possible therapeutic use. One such 
agent is Flocor [135], a complex non-ionic surfactant block copolymer, which 
decreases RBC aggregation and friction between RBCs and vessel walls by 
blocking cell-cell or cell-protein interactions.
Gene Therapy
Gene therapy represents a vital hope for SCD cure in the long term and recent 
improvements in vector design have fuelled interest in gene therapy approaches to 
the treatment o f  SCD. However, this type o f  therapeutic strategy falls outside the 
remit o f  this thesis and therefore will not be discussed in further detail. For a 
concise review on this topic the reader is directed to a publication by A bdulm alik  
et al. [114].
145
Anti-Sickling Strategies Chapter 6
6.5 Use of Compounds which Modify HbS Protein Structure or 
Composition
The thin layer Pt matrix electrochemical cell was used to test compounds which 
acted through covalent modification o f  HbS protein. Two compounds, vanillin and 
5HMF, were investigated to show that our system could be used to test for 
compounds which specifically disrupt the aggregation process. W hereas in the 
literature the effect o f  these compounds on the O 2 affinity o f  the protein, through a 
reduction in the P 50 value, was used to measure the efficacy, our system used a 
light scattering method where growth in protein was reflected by an increase in 
turbidity. Furthermore, the effect o f  different proportions o f  HbS was investigated 
using the Pt matrix cell by modifying the composition o f  HbS to HbA in the 
solution mixture. The experiments performed in this chapter were only prelim inary  
investigations and not a detailed study o f  any particular therapeutic strategy due to 
the time constraints.
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6.5.1 Vanillin
Vanillin was added to a polym erising solution m ixture com posed o f  75 m g cm*3 
(1.16 mM) HbS protein and 0.5 M N aCl dissolved in 1.5 M, pH 7 phosphate buffer 
and the experiments were performed at 38 °C. V anillin  was incubated in the 
protein solution prior to the start o f  the experim ent for 5 minutes to allow  chemical 
modification o f  the protein structure to occur. Figure 6.6 presents the turbidity 
profiles o f  HbS solutions containing different concentrations o f  vanillin  as well as 
control experiments performed with HbA and free vanillin.
  HbS only (1.16 mM)
  HbA only (1.16 mM)
 Vanillin only
0.29mM vanillin
  0.58mM vanillin
  1.16 mM vanillin
  11.6mM vanillin
8
6
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Time / s
Figure 6.6: UV-visible spectroelectrochemistry time traces showing changes in turbidity at 700 
nm at the Pt matrix electrode for different concentrations o f vanillin. Experiment conditions: HbS 
concentration 75 mg cm'3 (1.16 mM); various concentrations o f vanillin (see figure legend); 1.5 M 
pH 7.0 phosphate buffer; 0.5 M NaCl; T = 38 °C; E = - 0.55V vs. Ag/AgCl. HbA concentration o f 
75 mg cm '3 (1.16 mM) was used for control experiments.
An increase in vanillin concentration was seen to cause a decrease in the 
nucleation and growth turbidity levels. No delay time was noticeable for any o f  the 
turbidity profiles, with vanillin concentrations up to 1.16 mM showing a rapid 
increase in turbidity as soon as the experiment started. H owever, significant 
differences were seen in the growth levels. The maxim um  turbidity level (turbidity 
at 1000 s) for a solution containing HbS only (i.e. no vanillin) decreased one and a
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ha lf  fold when 0.29 mM concentration o f  vanillin was added, whilst a five fold 
decrease in turbidity was seen when an equim olar vanillin concentration o f  1.16 
mM was added. Furthermore, increasing the concentration o f  vanillin by a factor o f  
ten to 11.6 mM saw a sixty nine fold decrease in the turbidity. Moreover, the 
presence o f  the intermediary phase II was seen with the turbidity profiles at low 
concentrations o f  vanillin and at vanillin concentrations o f  5.80 mM and 8.70 mM 
(data not shown), suggesting that although a decrease in protein growth was seen, 
even at these high concentrations a significant nucleation phase was present. A 
total disappearance o f  the nucleation and growth phases was seen once vanillin 
concentration had been increased to 11.60 mM. Therapeutic  efficacy would depend 
on the binding affinity o f  vanillin to HbS and x-ray crystallographic studies [130] 
have demonstrated that the reaction o f  vanillin with HbS produces a high affinity 
Hb with binding occurring at two sites, one o f  which is at or near a HbS polymer 
contact site. However, in vivo , only a fraction o f  the initial dose o f  the drug is 
actively taken up into erythrocytes with the remaining being lost to other processes 
such as metabolisation and excretion, therefore for routine therapy high dosages 
would be required. The oral bioavailability o f  vanillin has already been 
investigated [130].
Table 6.1 lists rate values o f  Phase I, Phase II and Phase III, calculated using the 
linear regression method (see chapter 5.5.1), for the turbidity profiles obtained in 
figure 6.6. The results showed that no significant effect on the nucleation was 
seen, as the rate o f  nucleation Phase I for a HbS solution containing 1.16 mM 
concentration o f  vanillin was 31 m s '1, whilst for a HbS solution containing no 
vanillin it was 26 m s '1. Furthermore, decreasing the vanillin concentration to a 
quarter o f  the concentration o f  HbS (0.29 mM ) showed a similar rate for the 
nucleation phase. The decrease in the turbidity level with increasing vanillin 
concentration was reflected more clearly by the Phase III growth rate values, as the 
growth rate for a HbS only experiment was 11.7 m s '1 whilst for 1.16 mM  vanillin 
it decreased to 2.94 m s 1.
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Vanillin 
concentration 
/ mM
Rate o f  Phase I 
/ s ' 1
Rate o f  Phase II 
/ s ' 1
Rate o f  Phase III
/ s ’1
0 (HbS only) 26.1 (± 0.51) x 10‘3 -5.83 (± 0.12) x 10’3 11.7 (± 0.08) x 10'3
0.29 30.0 (± 0.40) x 10'3 -8.74 (± 0.09) x 10'3 9.63 (± 0.06) x 10°
0.58 32.0 (± 1.08) x 10'3 -5.40 (± 0.16) x 10° 2.94 (± 0.01) x 1 0 3
1.16 31.3 (± 0.54) x 10'3 -8.43 (± 0.12) x 10’3 2.67 (± 0.02) x 10'3
Table 6.1: Rate values for Phase I, Phase II and Phase III calculated using linear regression 
analysis for vanillin concentration in the range 0.29 mM and 1.16 mM at a Pt matrix electrode 
surface. HbS concentration 75 mg cm'3 (1.16 mM); various concentrations o f vanillin; 1.5 M pH 
7.0 phosphate buffer; 0.5 M NaCl; T = 38 °C; E = - 0.55V vs. Ag/AgCl.
Another study was performed with vanillin to investigate the effect o f  adding 
vanillin (o f  concentration 11.60 mM ) to an already polymerising HbS solution at 
different points in the lifecycle o f  HbS aggregation. Consequently, vanillin was 
injected into the electrochemical cell at four stages: the early nucleation stage 
(before 70 s); at the cusp o f  the intermediary Phase II (between 75 s to 85 s); at the 
bottom o f  the trough seen in the turbidity profile before the beginning o f  Phase III 
(at 250 s); and in the middle o f  the elongation Phase III (after 300 s). The results 
seen in figure 6.7 showed that the injection o f  vanillin at all four points in the 
experiments all led to a sudden decrease in the turbidity levels. Although, a small 
decrease in turbidity was predicted straight after the injection o f  the solution due to 
disruption o f  the polymers decreasing light scattering, it was thought that an 
increase in turbidity would follow soon after with the polymers reassembling. 
However, this was not seen, and all experiments showed a dramatic loss in protein 
growth no matter at which point the vanillin was added. This could not have been 
due to a diluting factor as the same amount o f  vanillin solution, to what was 
already present in the cell, was added. These set o f  experiments w ere perform ed to
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ascertain if  covalent m odification by S ch iff  base linkage affected all stages in the 
polymerisation life cycle, or w hether certain points in the polym erisation  process 
showed irreversibility. It is hoped that these prelim inary  experim ents will form the 
basis for future studies which will help to identify those who w ould be best suited 
to this type o f  therapy.
— HbS only
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Figure 6.7: UV-visible spectroelectrochemistry time traces showing changes in turbidity at 700 
nm at Pt matrix electrode when vanillin was added at different points in the aggregating system. 
Experiment conditions: HbS concentration 75 mg cm'3 (1.16 mM); 1.5 M pH 7.0 phosphate buffer 
solution (lOOpl); 0.5 M NaCl; T = 38 °C; E = - 0.55V vs. Ag/AgCl. Vanillin concentration 11.6 
mM in 1.5 M pH 7.0 phosphate buffer solution (lOOpl) added at 15 s, 81 s, 250 s and 500 s.
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6.5.2 5HMF
The same set o f  experim ents perform ed  previously  w ith vanillin  w as perform ed 
w ith another naturally occurring carbonyl com pound, 5H M F, w hich has show n to 
be far more efficacious than van illin  in literatu re  [132].
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Figure 6.8: UV-visible spectroelectrochemistry time traces showing changes in turbidity at 700 
nm at Pt matrix electrode for different concentrations o f 5HMF. Experiment conditions: HbS 
concentration 75 mg cm'3 (1.16 mM); various concentrations o f 5HMF; 1.5 M pH 7.0 phosphate 
buffer; 0.5 M NaCl; T = 38 °C; E = - 0.55 V vs. Ag/AgCl. HbA concentration o f 75 mg c m '3 (1.16 
mM) was used for control experiments.
Figure 6 . 8  shows the changes in the turbidity  p rofiles o f  HbS p ro te in  w hen 
different concentrations o f  5HM F w ere added. Increasing the concen tration  o f  
5HM F caused a significant decrease in the grow th phase o f  HbS pro tein  
aggregation. This was exem plified by the eight fold decrease in m axim um  tu rb id ity  
seen w ith the addition o f  an equim olar concentration o f  1.16 mM  5HM F com pared 
w ith a HbS only solution. Furtherm ore, a quick com parison show s that only a five 
fold decrease in the m axim um  turb id ity  w as seen w ith the sam e concen tration  o f  
vanillin  (i.e. 1.16 mM ) com pared w ith the eight fold decrease seen w ith  5HM F. 
This how ever was not true for all concentrations as the turb id ity  decreased  by six ty  
nine tim es for 11 . 6  mM  o f  vanillin  but only a m ere five fold reduction  w as seen for 
5HM F at the same concentration.
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The nucleation phase, as show n by the rate calculations shown in table 6.2, did not 
show much variation for low concentrations o f  5HM F. H ow ever, whereas most o f 
the turbidity profiles show ed a large increase in turbidity  follow ed by the 
interm ediary Phase II process, the profile  for 11.6 mM  5HM F exhibited a clear 
tim e delay o f  177 s. M oreover, the nucleation Phase I rates seen for 5HMF in table 
6.2 are very sim ilar to the Phase I rates seen for vanillin  show ing that the differing 
efficacy o f  these com pounds is possibly as a resu lt o f  the effect brought about in 
the later stages o f  the polym erisation process.
5HM F
C oncentration
/m M
Rate o f  Phase I
/ s ' 1
Rate o f  Phase II 
/•■
Rate o f  Phase III 
/ s ' 1
0 (HbS only)
27.7 (± 0.76) x 10'J -2.97 (± 0.07) x lO ' 3 14.3 (± 0.15) x 10'J
0.29
27.4 (± 0.52) x 10'J -4.44 (± 0.09) x 10° 3.91 (± 0.16) x 10'J
0.58
24.3 (± 0.34) x 10'j -4.00 (± 0.08) x 10'-1 3.64 (± 0.02) x 10'J
1.16
23.7 (± 0.66) x lO--*-1.91 (± 0.05) x 10'J 1.63 (± 0.01) x 10'J
11.60
2.75 (± 0.02) x 10J
Table 6.2: Rate values for Phase I, Phase II and Phase III calculated using linear regression 
analysis for 5HMF concentration in the range 0.29 mM and 11.6 mM at a Pt matrix electrode 
surface. HbS concentration 75 mg cm ° (1.16 mM); various concentrations o f 5HMF; 1.5 M pH 7.0 
phosphate buffer; 0.5 M NaCI; T = 38 °C; E = - 0.55V vs. Ag/AgCl.
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6.5.3 Different Proportions of HbS
A nother strategy which was investigated  using the thin layer Pt matrix 
electrochem ical cell was m easuring  the pro tein  grow th obtained from solutions 
com posed o f  different ratios o f  HbS and HbA. C onsequently , five solutions 
consisting o f  0% HbS (or 100% H bA), 25%  HbS, 50%  HbS, 75% HbS and 100% 
HbS (or 0% HbA) were tested and the results are show n in figure 6.9. As studies 
[34] have shown, the presence o f  other Hb variants in m ixtures w ith HbS generally 
has the effect o f  increasing the solubility  o f  deoxyH bS. This is because the HbS 
m olecular crow ding is dim inished w ith a variab le in tracellu lar Hb com position, 
and thus the m olecular collisions betw een HbS partic les are few er. Consequently, 
increased proportions o f  HbA, HbF or HbC results in decreased clinical severity 
(section 6.4). The results showed that the greatest protein  grow th was seen w ith 
100% HbS. H owever, decreasing the percentage o f  HbS by 25% , or in o ther words 
having a 75% HbS to 25% HbA ratio saw the m axim um  turb id ity  level decrease by 
nearly  thirteen fold from a value near 1.0 to one below  0.1. Further reductions in 
the ratio o f  HbS only caused small decreases in the turbidity . These w ere 
prelim inary experim ents designed to test w hether any effect was present. Further 
work will be required to ascertain the m echanism s as well as detailed  contributions 
o f  the presence o f  other Hb m ixtures.
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Figure 6.9: UV-visible spectroelectrochemistry time traces showing changes in turbidity at Pt 
matrix electrode for different proportions o f HbS. Experiment conditions: total protein 
concentration 60 mg cm'3; 1.5 M pH 7.0 phosphate buffer; 0.5 M NaCl; T = 38 °C; E = - 0.55V vs. 
Ag/AgCl; proportions of HbS: HbA = 0%;100% (60 mg cm'3 HbA); 25%:75% (15 mg cm '3 HbS: 
45 mg cm'3 HbA); 50%:50% (30 mg cm'3 HbS: 30 mg cm '3 HbA); 75%:25% (45 mg cm '3 HbS: 15 
mg cm '3 HbA); 100%:0% (60 mg cm '3 HbA).
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6.6 Use of Compounds which Modify Surface Properties
As the dam age o f  the plasm a m em brane in vivo  has a big im pact on the 
pathophysiology o f  the disease, d ifferent surface properties w ere tested in two 
electrochem ical cells (Au m icro-m esh cell and Au m atrix  cell) to try to reduce 
interactions and adhesions betw een the su rface and polym ers. The use o f  
com pounds which m odify surface properties so that m inim al grow th o f  HbS 
polym ers is achieved would be a useful therapeu tic  strategy  for com bating this 
disease. However, due to tim e constraints, the effect o f  only  four th io lating  agents 
was investigated in this section. Furtherm ore, by  changing  the properties o f  the 
electrode surface, a more realistic m odel o f  the aggregation  o f  HbS protein inside 
the red blood cell can be obtained. Changing surface properties specifically  tries to 
m im ic the m odel o f  the intracellular m em brane w hich HbS polym ers attach to, and 
therefore these prelim inary studies w ere aim ed at finding a m ore physiological 
correct environm ent.
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6.6.1 Effect of changing surface properties on the Growth of HbS 
Aggregates in Au matrix cell
An investigation o f  the effect o f  surface m odification  on HbS protein aggregation 
was perform ed at an Au m atrix  cell by th io la ting  the Au surface with different 
thiol-based com pounds. The com pounds used w ere 3 -m ercap to-l-p ropenesu lfon ic  
acid, 2 -m ercaptoethanol, 1 -butanethiol and cystam ine dihydrochloride (the 
structures o f these com pounds are show n in figure 6.2). Each specific thiol 
com pound provided a varied surface such that the  effect o f  a range o f  different 
surfaces on HbS polym erisation could be investigated . Thus, th io lating  w ith 3- 
m ercapto-l-propenesulfonic acid provided a SO 3’ end group g iving the surface a 
negatively charged functionality, see table 6.3 for a descrip tion  o f  each thiol group 
and its functionality.
Thiol
Com pound
Functional
Group
Functional group 
at pH 7
Functionality  
at pH 7
3 -m ercap to-l- 
propenesulfonic acid
- c h 2- c h 2= c - s o 3' - c h 2= c h 2 - c - s o 3- N egatively
charged
2 -m ercaptoethanol - c h 2- c h 2- o h - c h 2- c h 2 - o h 2+ H ydrophilic
1 -butanethiol - c h 2- c h 2 - c h 2- c h 3 - c h 2- c h 2- c h 2- c h  3 H ydrophobic
C ystam ine
dihydrochloride
- c h 2- c h 2 - n h 2 - c h 2- c h 2 - n h 3+ Positively
charged
Table 6.3: Structure and functionality of the thiol-based compounds used to alter the surface 
properties o f the gold surfaces
In this section the experim ents w ere perform ed with a Au m atrix  cell rather than 
the Pt m atrix cell. The m atrix cell provided a system  in w hich reduction  o f  O 2 was 
m ore efficient than the m icrom esh cell and thus closer to the physio logical 
reducing power. The Au m atrix cell was fabricated specifically  for this 
investigation as the Au surface allow ed the surface properties to be easily  m odified  
through thiolation o f  the surface. The Au m atrix  cell was m anufactured  in exactly  
the sam e way as its Pt counterpart, using an Au sheet o f  the sam e d im ensions w ith 
holes o f  350 pm in diam eter.
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The effect o f  changing surface properties on the tu rb id ity  w as investigated  at two 
HbS protein concentrations, 30 m g cm ' and 75 m g cm ' , see figure 6.10. The Au 
electrode was incubated in a so lution o f  the th io la ting  agent and HbS protein 
dissolved in 1.5 M pH 7.0 phosphate buffer w as added to the cell to  study the 
variance in polym er grow th and aggregation.
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Figure 6.10: UV-visible spectroelectrochemistry time traces showing the effect o f  different 
surface properties on changes in turbidity at thiolated Au matrix electrode. Experiment conditions: 
(a) HbS concentration 30 mg cm '3 (b) HbS concentration 75 mg cm '3; thiol concentration 2mM 
dissolved in 1.6 mM H2S 0 4; 1.5 M pH 7.0 phosphate buufer; 0.5 M NaCl; T = 38 °C; E = - 0.55V 
vs. Ag/AgCl.
At low  protein concentration o f  30 m g cm '3, figure 6.10 (a), the tu rb id ity  p ro files 
show ed that changing surface properties seem ed to have hardly  no effect on the 
polym erisation process; neither the nucleation nor the grow th process changed 
very m uch by changing the th io lating agent but all follow ed a sim ilar aggregation  
course. Turbidity changes at a bare electrode w ere m inim al com pared  w ith 
th io lated  surfaces. All experim ents were repeated at least three tim es and even 
w ith m ultiple repeats sim ilar results were obtained.
O riginally it was thought that the sim ilarity  in results was due to con tam ination  o f  
one o f  the thiols, how ever, the electrode surface was electrochem ically  cleaned  
thoroughly w ith dilute H 2 SO 4 betw een each experim ent until the characteristic  CV 
for a clean Au electrode was obtained. C onsequently , the sim ilarity  o f  all the 
turbidity  profiles, even w hen using different thiol functional groups, suggested  tha t
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the m echanism  o f  nucleation and grow th at low  pro tein  concentrations was the 
same as long as the surface was thiolated.
At high protein concentrations o f  75 m g cm '3, figure 6.10 (b), the results showed 
that the initial nucleation phase o f  protein  aggregation  did not seem to be affected 
by changing surface properties; consequently , all tu rb id ity  p rofiles up to 300 s 
followed a sim ilar course w ith extrem ely little  grow th. H ow ever, the turbidity  
levels from 300 s to 1000 s increased significantly  and therefore changing surface 
properties were seen to affect the growth phase o f  pro tein  aggregation drastically . 
This was unexpected as the thiol m onolayer was expected to in terfere  with the 
nucleation o f  HbS m ore than the secondary grow th stage.
Furtherm ore, it was noticeable that charged surfaces, such as cystam ine 
dihydrochloride and 3-m ercapto-l-propenesulfonic acid th io lated  surfaces, show ed 
the largest turbidity  increase w hereas the hydrophobic butanethiol surface show ed 
no protein grow th at all. This was due to local negative and positive charges on the 
Hb m olecule form ing interactions w ith the charged conducting surface. On the 
other hand, hydrophobicity negated aggregation o f  protein as the HbS solution did 
not interact well with the butanethiol surface. Figure 6.10 (b) also show s that the 
early stage o f the turbidity  profiles o f  all th io lating agents show ed hardly  any 
variation, sim ilar to the results seen at 30 mg cm '3(figure 6.10 (a)), and changes 
were only seen in the elongation phase. Consequently, it was show n that changing 
surface properties had little or no effect on the nucleation but it did affect the rate 
o f  polym er growth substantially.
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6.6.2 Effect of changing surface properties on the Growth of HbS 
Aggregates in Au micromesh cell
The effect o f  altering surface properties on the grow th  o f  HbS fibres w as also 
investigated at the Au m icrom esh cell in the sam e w ay as the m atrix  cell. 
Consequently, the Au surface was th io lated  w ith  the sam e th io l-based  com pounds, 
3 -m ercapto-l-propenesulfonic acid, 2 -m ercaptoethanol, 1 -bu taneth io l and 
cystam ine dihydrochloride. Figure 6.11 show s the rate  o f  tu rb id ity  change, a 
m easure o f  the rate o f  protein aggregation, at these  th io la ted  surfaces. HbS 
experim ents were perform ed as norm al, consisting o f  a pro tein  so lu tion  w ith  N aC l 
to aid the conductivity. The results w ere sim ilar to those seen in figure 6.10 (b) 
and show ed that changing the surface properties did not seem  to a ffec t the initial 
nucleation phase o f  protein  aggregation, how ever, the g row th  phase o f  
polym erisation was significantly altered  w ith the g reatest tu rb id ity  levels  obtained  
w ith the charged th iolating surfaces (cystam ine d ihydroch lo rde and 
m ercaptopropene sulfonic acid), w hilst the low est w as seen w ith  the hydrophobic 
surface o f  butanethiol.
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 Cystamine dihydrochlordie
 Mercaptopropene sulfonic acid
Butanethiol 
 Mercaptoethanol
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Figure 6.1: UV-visible spectroelectrochemistry time traces showing the effect o f different surface 
properties on changes in turbidity at thiolated Au micromesh electrode. Experiment conditions: 
HbS 50 mg cm"3; thiol concentration 2mM dissolved in 1.6 mM H2S 0 4; 1.5 M pH 7.0 phosphate 
buffer; 0.5 M NaCl; T = 38 °C; E = - 0.55V vs. Ag/AgCl.
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6.7 Conclusions
Investigations in this chapter w ere focussed on using  the thin layer electrochem ical 
cell as a novel assay system  to investigate the effectiveness o f  potential an ti­
sickling agents which cause chem ical m odification  o f  the HbS structure. It was 
shown that vanillin and 5-HM F, two naturally  occurring  cyclic aldehyde 
com pounds whose reported m echanism  o f  action is S ch iff base covalent 
m odification o f  Hb, caused a significant decrease in the polym erisation  o f HbS 
aggregates. It was seen that these biological com pounds had a pronounced effect 
on the grow th phase o f  aggregation but not the nucleation phase, as exem plified by 
the linear regression calculations o f  phase I and phase III. It was also seen that 5- 
HMF was m ore effective than vanillin as equim olar concentrations o f  vanillin 
caused a five fold decrease in the turbidity  w hilst an eight fold reduction was seen 
w ith 5-HM F. Furtherm ore, the addition o f  vanillin  at d ifferen t points in the 
polym erisation life cycle was shown to disrupt the subsequent grow th o f  polym ers. 
Consequently, it was dem onstrated that a verifiable screening device for 
investigating compounds as potential agents for disrupting the grow th o f  HbS 
polym ers could be developed. Com pounds w ith a sim ilar m echanism  o f  action 
could be screened for a reduction in the turbidity  levels how ever any therapeutic 
efficacy in vivo would be dependent on the binding affin ity  o f  the com pound to 
HbS and its oral bioavailability.
It was also shown that changing the properties o f  the m etal surface by using  
th io lating  agents had little or no effect on the nucleation but it did affect the rate o f  
polym er grow th substantially. The incorporation o f  th io lating  agents w hich 
produced charged surfaces provided a favourable environm ent for the grow th o f  
HbS polym ers, whilst a hydrophobic surface suppressed protein  grow th suggesting  
that a hydrophobic covering w hich could m im ic the hydrophobicity  o f  bu taneth io l 
w ould m inim ise attachm ent o f  HbS polym ers, and thereby m inim ise dam age to the 
plasm a m embrane. This w ould be a useful strategy for com bating the cascade o f  
events associated with the pathophysiology o f  this disease. In fu ture it is hoped 
that a sim ilar set-up can be used to screen m ultip le com pounds for poten tial 
efficacy against polym erisation o f  HbS fibres and even d ifferen t stages o f  
polym erisation.
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Chapter 7: Direct Electrochem istry o f HbS Polym ers
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7.1 Introduction
Hb contains two a  subunits and tw o P subunits, each o f  w hich has an electroactive 
Fe haem group. A lthough, Hb does not function physio logically  as an electron 
carrier, it is an ideal m olecule for the study o f  electron  transfer reactions o f haem  
proteins because o f  its com m ercial availab ility , m odera te  cost and a known and 
docum ented structure. Furtherm ore, Hb has enzym e like oxidative and reductive 
catalytic activities, sim ilar to the haem  enzym e cytochrom e P450 [136].
Great efforts in the field o f  protein electrochem istry  have led to a num ber o f  
studies concerning heterogeneous electron transfer and electrochem ical behaviour 
with Hb being perform ed at bare electrodes, such as silver [137] and boron doped 
diam ond [138], as well as using m ediators and prom oters w hich enhance the 
electron transfer for Hb. H owever, only a handful o f  pub lications have actually  
described a behaviour which is consistent w ith the physio logical function: a redox 
potential around -  70 mV vs. SCE and electron transfer rates exhibiting  slow  
irreversible heterogeneous kinetics [139 - 141]. The Hb m olecule behaves quite 
“redox inert” as is reflected by the rate constant o f  the se lf  exchange o f  3 x 10 ' 3 
m ol ' 1 s*1 and the relatively slow oxidation o f  ferricyanide (k  = 7 x 104 m o l’ 1 s '1) 
[142, 143],
The facilitation o f  direct electron transfer betw een Hb and electrodes is d ifficu lt 
since Hb is a globular oligom eric protein, w hich m ay easily  poison  the electrodes, 
and the large size o f  the protein m eans that the rates o f  electron transfer betw een 
Hb and naked electrodes are extrem ely slow. Furtherm ore, proteins are generally  
irreversib ly  adsorbed at solid electrodes and to be effective, the native structural 
and reactiv ity  characteristics o f  the protein m ust be retained in the adsorbed state 
[136, 144]. For large protein m olecules such as Hb, the active sites are generally  
well separated from those in neighbouring m olecules so although k inetics o f  d irect 
electrochem istry tend to be slow due to inaccessib ility  o f  the haem  active site, the 
bulkiness o f  Hb m eans that no significant changes should occur upon adsorption. 
H owever, the structural state o f  adsorbed bio-m acrom olecues is still subject to 
considerable debate.
On the other hand, use o f  m odified electrodes by entrapm ent w ith in  a po lym er 
m atrix or thiolation o f  the surface tends to cause drastic structural changes w hich 
are not physiologically  relevant as reflected by a fast electron  transfer and a
162
Direct Electrochemistry o f HbS Polymers Chapter 7
dram atic cathodic shift o f  the electrode potential. Exam ples o f  studies on the 
electrochem istry o f  Hb in stable film s include the use o f  bovine Hb-coated 
polystyrene latex bead film s w hich w ere prepared and deposited on PG electrodes, 
showing a pair o f  w ell-defined, quasi-reversib le  CV peaks at about - 360 mV vs. 
SCE [145] as well as several other studies using ionom er film s o f  Eastm an AQ, 
[146] dim yristoyl phosphatidylcholine [147] and o f  D D A B -clay [148]. For an 
excellent review on the topic o f  d irect e lectrochem istry  o f  Hb the reader is directed 
to a paper by Scheller et. al. titled “T hirty  years o f  H aem oglobin 
Electrochem istry” [136].
However, although num erous studies have dem onstrated d irect electron transfer 
betw een Hb monom ers, to the best o f  our know ledge there have been no studies 
perform ed on the direct electrochem istry o f  HbS polym ers. In th is chapter, the 
direct electrochem istry or the electron conducting properties o f  HbS aggregates, 
form ed by an ex-situ  isotherm al m ethod, is investigated at a num ber o f  different 
electrodes. In theory, electrochem istry o f  HbS polym ers should be easily  achieved 
with no need for m ediators as the spatially  linked haem  groups and c losely  aligned 
HbS active sites in the fibrous state should aid electron transfer.
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7.2 Experimental
7.2.1 Materials, Instrumentation and Procedures
Proteins HbS, HbA and haem in w ere used as supplied. Ag m etal w ire (grade 1, 
diam eter 0.05 mm), Au m etal w ire (d iam eter 0.1 m m , hard tem per, 99.99 % purity) 
and Pt metal w ire (diam eter 0.1 mm , hard tem per, 99.99 % purity) w ere em ployed 
for the fabrication o f  m icroelectrodes. A num ber o f  bare and m odified WE w ere 
used to investigate direct electrochem istry  o f  Hb. T hese can be listed as follows: 
Au m icroelectrode; Ag m icroelectrode; po ly-L -lysine  (PLL) m odified Au 
m icroelectrode, 3 -m ercapto-l-propenesulfonic acid m odified  Au m icroelectrode, 
cystam ine dihydrochloride m odified Au m icroelectrode; io ta-carrageenans 
m odified Au m icroelectrode; and Au disk m acroelectrode (surface area 0.78 mm ). 
The m icroelectrodes were fabricated by placing an Au or A g w ire through a 5 pi 
pipette and cleaving the end o f  the w ire to obtain a clean electrode surface. The 
pipette was subsequently covered with epoxy resin. The PL L -m odified  electrode 
was obtained by im m ersing the electrode in neat PLL for 15 m inutes at room  
tem perature and thoroughly rinsing with double d istilled  w ater, w hilst the th io l- 
m odified electrodes were obtained by im m ersing the electrodes in an acid solution 
(1.6 mM H 2 SO4 ) containing 2 mM  thiol com pound for tw o hours, and then rinsing 
with double distilled w ater to rem ove any physisorbed m aterials. The iota- 
carrageenan m odified electrode was obtained by incubating  for 15 m inutes in a 
solution o f  0.5 mg cm ’3 carrageenan and 10 mM KC1 dissolved in pure w ater. All 
solutions w ere thoroughly degassed with Ar gas prior to use. B efore each 
m odification and experim ent the W E was cleaned by electrochem ical cycling  o f  
H2 SO 4 until no further changes in the voltam m etric response could be seen and 
then it was carefully  polished to a sm ooth surface on silica im pregnated w ith 
alum inium  oxide pow der suspensions o f  decreasing particle sizes o f  1 pm , 0.3 pm  
and 0.05 pm. Finally, the electrodes w ere cleaned by u ltrason ication  in double 
d istilled water. CV was perform ed using a PC operated poten tiosta t contro lled  by 
GPES softw are, in a three-electrode system  with a Pt auxiliary  electrode and an 
Ag/AgCl (3M KC1) reference electrode. A bsorption spectra w ere recorded in a 1 
mm glass cuvettes and the tem perature was m aintained and controlled  w ith  the use 
o f  a small peltier device. R efer to chapter 2 for a general descrip tion  o f  the 
experim ental.
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7.2.2 HbS Polymer Formation and Experimental Preparation
HbS polym er form ation was achieved using the ex-situ  isotherm al salting out 
method (experimental procedure 4) described in chapter 2.5 Degassed phosphate 
buffer solution (2.42 ml, 2.52 M, pH 7.0) at 38 °C w as quickly  added to 0.17pM 
HbS dissolved in 0.025 M phosphate buffer solution also at 38 °C causing HbS 
protein aggregates to be form ed. HbS polym er form ation was followed 
spectroscopically in the U V -visible spectrom eter. S pec tra ’s w hich did not show an 
increase in absorbance, indicating polym er form ation, w ere not used any further. 
All solutions were stored under Ar in the fridge until use and used w ithin one day 
o f  its initial preparation.
The electrodes were prepared by drop coating sm all am ounts o f  the fibre solution 
on to the tip o f  a clean electrode using a h a lf  cut p ipette  to reduce shear forces. 
This step was perform ed several tim es under an inert atm osphere. The drop coated 
fibre solution was left in contact w ith the electrode for 30 m inutes and then washed 
by slow ly dipping in deoxygenated pure w ater and dried by p lacing  the electrode 
in an Ar environm ent. It was im perative that the electrode, either before or during 
the experim ent, was not in contact with atm ospheric O 2 for long periods, 
consequently, all solutions w ere thoroughly degassed prio r to use and care was 
taken to ensure all procedures were perform ed in an inert environm ent. D uring the 
experim ents, Ar gas was bubbled slow ly through the buffer solution at a rate w hich 
ensured that the solution rem ained deoxygenated but did not cause vibrations 
which affected the results. CV potentials ranged from -0.7 V to + 0.8 V for the 
forw ard and reverse cycle and w ere scanned at a rate in the range o f  25 mV s '1 to 
250 mV s '1 vs. the quasi-reference electrode.
165
Direct Electrochemistry o f HbS Polymers Chapter 7
7.3 Direct Electrochemistry of HbS Polymers
Direct Electrochemistry at Bare Electrodes:
Figure 7.1 (a) shows the CV o f  HbS polym ers at a bare Au m icroelectrode o f 
diam eter 50 pm in a 1.5 M pH 7 phosphate buffer solution at a scan rate o f 200 
mV s '1. A w ell-defined reduction peak at around -  184 mV vs. Ag/AgCl is 
observed on the forward scan but no oxidation peak is observable on the reverse 
scan. The lack o f an anodic peak indicates that electron  transfer rate is low 
representing an almost irreversible process. A cathodic shift o f  m ore than a 100 
mV, com pared with the redox potential generally  seen for d irect Hb m onom er 
electrochem istry ( -  70 mV vs. SCE) is observed in our experim ents. This shift is 
slightly  less than that expected for a gel-like polym eric  m aterial such as HbS 
polym ers as norm ally, a shift o f  m ore than 200 m V is associated  w ith the use o f  
stable polym eric films which im m obilise the Hb pro tein  and m ediate electron 
transfer [136]; although co-hydroxyalkane th io ls m odified  Au electrodes 
investigating the electrochem ical properties o f  Hb have show n a peak at -  170 mV 
vs. SCE using sodium trifluroacetate as electrolyte at pH 7.1 [149].
Control experim ents perform ed with free HbS m onom ers at the sam e electrode 
surface and under the same conditions did not show any reduction  peak in this 
region confirm ing that the peak was a result o f  direct electron transfer betw een 
HbS polym ers and the Au surface. Control experim ents, perform ed w ith free HbA 
and free haem in (CVs not shown) also did not show any peaks w hilst the b lank 
phosphate buffer scan showed that this peak was not due to the presence o f  O 2 . All 
sam ple preparations and electrochem ical m easurem ents w ere perform ed under a 
strict anaerobic environm ent. These experim ents, how ever, did not allow  the 
m echanism  o f  electron transfer to be investigated in detail and so further w ork is 
required in this area.
Figure 7.1 (b) shows C V ’s o f  the sam e solution o f  HbS polym ers perform ed one 
after the other with the la tter CV (HbS fibres 2) being  perform ed after a delay  o f  
tw enty minutes. The reduction peak was present in the first CV but a repeat CV o f 
the same solution perform ed after tw enty m inutes show ed the d isappearance o f  the 
peak. This indicated that the polym ers adsorbed to the electrode w ere either 
breaking away from the surface due to oxidation or w ere being  rendered  
electrochem ically  inactive thus b locking the electrochem ical response.
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increased w ith more basic so lutions com pared to acidic ones as a resu lt o f  more 
favourable interactions at the electrode surface.
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Figure 7.2: CV (scan rate 200 mV s '1) detailing the response o f a bare Au microelectrode 
(diameter 250 pm; surface area 4.91 x 104 pm2) in (a) the presence o f HbS fibres formed using the 
ex-situ isothermal method in blank pH 6.1, 1.5 M phosphate buffer; and (b) in the presence o f HbS 
fibres formed using the ex-situ isothermal method and HbS monomers in blank pH 8.49, 1.5 M 
phosphate buffer. Experimental conditions: HbS concentration 20 mg cm '3, 1.5 M, (pH 6.1 and 
8.49) phosphate buffer, temperature 38 °C, dithionite 10 mg m l'1; potential window + 0.7 V to -  
0.4 V. All solutions and experiments were thoroughly degassed.
A nother interesting point was that increasing the pH o f  the buffer so lu tion  led to  a 
cathodic shift in the potential o f  the reduction peak, as indicated  in figure 7.3 
w hich shows CVs o f  HbS polym ers perform ed in solutions o f  pH 6.1, pH  7.0 and 
pH 8.49. This peak shift w as probably due to polym ers o rien tating  them selves on 
the electrode surface in slightly  different w ays as a resu lt o f  variances in the 
surface charge o f  the polym ers at different pHs (pi o f  HbS = 7.2). F urtherm ore , the 
peak shift was another indication o f  the pH dependence.
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Figure 7.3: CV (scan rate 200 mV s '1) detailing the pH dependence o f a response o f a bare Au 
microelectrode (diameter 250 pm; surface area 4.91 x 104 pm2) in the presence o f HbS fibres 
formed using the ex-situ isothermal method in blank pH 6.1, pH 7.0 and pH 8.49 (1.5 M) 
phosphate buffer. Experimental conditions: HbS concentration 20 mg cm °, 1.5 M, (pH 6.1 and 
8.49) phosphate buffer, temperature 38 °C, dithionite 10 mg m l'1; potential window + 0.7 V to -  
0.4 V. All solutions and experiments were thoroughly degassed.
Furtherm ore, figure 7.4 shows a set o f  three CVs o f  HbS polym ers run  in 1.5 M 
basic phosphate buffer m ixture o f  pH 8.49. These CVs w ere run straight one after 
o ther w ith the same electrochem ical conditions (i.e. the sam e poten tial w indow , + 
0.7 V to -  0.4 V, as well as the same scan rate, 200 mV s"1) and show ed that over 
tim e there was a reduction o f  0.2 x 10‘10 A in the peak size from  the first scan to 
the second scan. No peak shift was noticeable. These results w ere s im ilar to those 
seen in figure 7.1 (b) as they showed a reduction in the peak current over tim e.
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Figure 7.4: CV (scan rate 200 mV s '1) detailing the response o f a bare Au microelectrode 
(diameter 250 pm; surface area 4.91 x 104 pm2) in the presence o f HbS fibres at the beginning o f 
the experiment (HbS fibres 1), after 5 minutes (HbS fibres 2) and after 10 minutes (HbS fibres 3) 
in blank pH 8.49, 1.5 M phosphate buffer. Experimental conditions: HbS concentration 20 mg cm' 
1.5 M, pH 7 phosphate buffer, temperature 38 °C, dithionite 10 mg m l'1; potential window + 0.7 
V to -  0.4 V. All solutions and experiments were thoroughly degassed.
The surface coverage o f protein fibres on a Au m icroelectrode o f  d iam eter 250 pm  
in pH 7 buffer solution (figure 7.1 (a)) w as calculated  to be 2.039 x 10° m ol p m '2 
from the equation:
T = Q / n.F.A
w here Q is the charge o f the peak seen in figure 7.1 (a), calcu la ted  to be 5.32 x 10’ 
9 C; n is the num ber o f m oles o f  HbS (5.51 x 10 '14 m oles); A is the surface area o f  
the electrode (4.91 x 104 pm 2) and F is the Faraday constant.
I f  HbS fibres (single fibre 21.5 nm wide and 1 pm long) are attached edge on, 178 
m olecules w ill be in contact w ith the electrode (5.4 x 10° pm  per m olecule) and 
therefore for a m onolayer, 2289719 x 178 electrons are expected  per fibre 
translating to a value o f  6.77 x 1 0 '16 m oles or a charge o f  6.50 x 1 0 '"  C. A m uch 
higher HbS fibre charge than corresponds to the reduction o f  one m onolayer w as 
obtained by us (5.32 x 10'9 C), either due to a very rapid exchange o f  adsorbed 
m olecules occurring or the charge transfer occurring through several adsorp tion  
layers ( if  the Fe centres w ere close enough in the fibre to have fast e lectron
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transfer then a charge o f  3.3 x 10'9 C w ould be obtained for a bi-layer, similar to 
the charge measured by us).
A lthough direct electron transfer was seen betw een the fibres and the bare Au 
electrode, it was unlikely  that all the haem  active sites in the fibres were 
connected. It was m uch m ore probable that the electrons m ay either be transferred 
to the proteins through already reduced adsorbed m olecules reaching the 
adsorption layer, or on the other hand, that the electrons, on rotation o f  the protein 
molecules, may be transferred betw een the pro tein  m olecules via the exposed haem 
edge [136]. The charge calculations assum e horizontal end on packing o f  fibres on 
the electrode surface, and other orien tations such as vertical packing have not been 
considered, how ever from these experim ents it cannot be stated conclusively that 
electron transfer occurs betw een the electrode surface and the haem  group. Some 
studies perform ed previously have suggested that the electrode reaction w ith 
haem oproteins involves electron transfer from the electrode to the prosthetic  group 
and not the iron protoporphyrin redox centre [150]. A detailed  m echanism  o f  
electron transfer between aggregated HbS structures and a naked electrode surface 
cannot be elucidated with the CV experim ents perform ed in this chapter and 
further work is required on the direct e lectrochem istry  o f  HbS polym ers to carry 
forward the work dem onstrated in this chapter. D irect electrochem istry  
experim ents were also perform ed at a bare in-house built Ag m icroelectrode, 
sim ilar to the fabrication o f  the Au m icroelectrode, but the results did not show 
any electrochem ical behaviour.
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Direct Electrochemistry at modified electrodes:
Num erous m odified electrodes w ere fabricated to investigate if  facilitation o f 
electron transfer betw een HbS polym ers and the electrode surface is achieved 
through the use o f  m ediators and prom oters. In literature, m any studies o f  Hb 
electrochem istry have show n that the use o f  m odified  electrodes, be it m ediator- 
m odified [151], nanoparticle-m odified  [148] or polym er-m odified  [152] helps the 
transfer o f  electrons but no such studies have been perform ed for HbS polym ers. 
Consequently, HbS polym ers, form ed through the sam e isotherm al salting out 
method, w ere drop coated onto Au and A g m icroelectrodes m odified with PLL, 
iota-carrageenans and th iolating agents such as cystam ine dihydrochloride and 3- 
m ercapto-l-propenesulfonic acid, how ever, no electrochem ical response was 
observed with any o f  the m odified electrodes. C ystam ine d ihydrochloride and 3- 
m ercapto-l-propenesulfonic acid w ere used, as these two th io lating  agents had 
shown the largest increases in protein grow th w ith  the Au m atrix  cell in chapter 6. 
M any different conditions w ere also em ployed such as dip coating the electrodes 
into the polym er solution instead o f  drop coating, using  low er salt concentrations 
and higher tem peratures as well as d ifferen t pH values but again no 
electrochem istry was observed.
Further work is required to achieve electrochem istry  betw een HbS polym ers and 
m odified electrodes. The use o f  d ifferent types o f  e lectrodes, such as carbon 
electrodes, need to be incorporated into these studies, w hilst m ore experim ents 
need to be perform ed w ith different th io lating agents. O ne such study describ ing 
the electrochem istry o f  Hb at L-cysteine m odified  Ag electrodes, has obtained 
cathodic and anodic peaks for Hb at potentials around 70 m V and 270 m V vs. 
A g/AgCl [150].
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7.4 Conclusions
It was dem onstrated that the d irect e lectrochem istry  o f  HbS aggregates could be 
observed at a bare Au m icroelectrode, confirm ed by control experim ents with free 
HbS monomers. A d istinct reduction  peak was seen but no oxidation peak was 
present indicating that the electron  transfer rate was low  representing an almost 
irreversible process. It was show n that the observation  o f  a cathodic peak was pH- 
dependent as alkaline pH o f  8.49 show ed a prom inent peak at -  207 mV vs. 
Ag/AgCl whilst a weak peak at -  182 m V  vs. A g/A gCl was seen in pH 6.1 
phosphate buffer. A cathodic shift in the po ten tial o f  the reduction peak at different 
pHs was also observed, m ost probably  due to variances in the orientation o f  
polym ers on the electrode surface. Furtherm ore, it was show n that the reduction 
peak slow ly disappeared over tim e ind icating  that adsorbed polym ers w ere 
breaking from the surface or polym ers w ere d isso lv ing  as a result o f  O 2 leakage 
into the system. Charge and surface coverage calcu la tions indicate either the 
presence o f  more than one fibrous layer on the electrode surface or rapid exchange 
betw een adsorbed m olecules. As a result it cannot be conclusively  stated that 
reduction o f  haem group as opposed to prosthetic groups is occurring. Experim ents 
perform ed with modified electrodes did not p rovide an electrochem ical response. 
These experim ents w hich exhibited the d irect transfer o f  electrons betw een 
polym eric Hb active sites and Au electrode could have a poten tial application as 
m olecular nano-w ires w hich could undergo reversib le  and controlled  sw itching 
betw een a globular protein and the fibrous state by electrochem ical m odulation o f  
O2 partial pressures.
173
Concluding Remarks Chapter 8
Chapter 8: Concluding Rem arks
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8.1 Conclusions
A m ethod was devised for m onitoring  the aggregation o f  HbS at a conducting 
surface by electrochem ical dep letion  o f  O 2 in a series o f  specially  constructed thin 
layer electrochem ical cells. The electrochem ical cells consisted o f  a three electrode 
system  and provided optical transparency  and sm all solution volum es whilst the 
geom etry o f  the w orking e lectrode w as found to be  essential for the grow th o f HbS 
aggregate structures. A m atrix  geom etry  com posed o f  an array o f  sm all holes was 
found to deplete O 2 m ore effic ien tly  than o ther cells w ith full depletion occurring 
w ithin a 100 seconds o f  the start o f  the experim ent as shown by theoretical 
modeling. The conditions for rep roducib le  grow th o f  HbS aggregated structures at 
the Pt electrode were obtained and show n to consist o f  a high protein  concentration 
(ca. 300 m g cm ’ ) when using  the Pt coil cell bu t m uch low er (ca . 30 m g cm ’ ) 
with the Pt m atrix cell. H igh phosphate  bu ffer o f  1.5 M (pH 7) w ith the addition o f 
0.5 M NaCl salt was also used. NaCl was found to be an im portant additive as it 
increased the ionic strength and the conductiv ity  o f  the so lution and also provided 
a salting-out effect for so lubility  purposes and the electrode w as held at a potential 
o f  E = - 0.55 V versus A g/A gC l, dem onstrated  by cyclic vo ltam m etry  to be 
situated in the O2 reduction shoulder.
An understanding o f  the factors w hich affect po lym erisa tion  at the surface and an 
insight into the dynam ics and m echanism  o f  polym er aggregation  w as provided by 
m onitoring the extent o f  polym erisation  at an op tically  transparen t electrode using 
turbidity  m easurem ents. The presence o f  any aggregated  pro tein  structures form ed 
at the electrode surface due to electrochem ical reduction  o f  O 2 in situ  w as detected 
as a result o f  w avelength independent light scattering. The Pt m atrix  
electrochem ical cell was em ployed to investigate  the effect o f  protein  
concentration, tem perature, pH and ionic strength  on the gelation  o f  HbS at a 
conducting surface and the results show ed that the k inetics o f  HbS nucleation  and 
elongation w ere linearly dependent on the concentration, tem perature and ionic 
strength; an increase in these factors saw a reduction in the tim e delay  and an 
increase in the grow th o f  aggregation, w hilst the protein  aggregation  was also 
shown to be favoured by a sligh tly  alkaline pH. Furtherm ore, m ost profiles 
followed the double nucleation m echanism  and dem onstrated a sigm oidal rate  o f  
change in turbidity  w ith an in itia l lag period w here little  increase in tu rb id ity  w as
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apparent before large increases w ere observed. H ow ever, experim ents perform ed at 
certain  conditions show ed the presence o f  an in term ediary  Phase II process in the 
turbidity  profile , consisting  o f  a large decrease in turbidity  after the initial 
nucleation step. This was postu la ted  to be as a result o f  interm ediary aggregates.
The kinetics o f  po lym erisation  w ere investigated  using a m odel for fibrillogenesis 
describing a tw o-step  process o f  nucleation  follow ed by elongation and the rate 
constants at m onom er concentration  o f  300 m g cm 3 w ere determ ined to be 9.45 (± 
0.08) x 10'6 s '1 and 1.22 (± 0.03) x 10"3 s '1 respectively , show ing that nucleation 
was far slow er than the grow th and thus the rate lim iting  step.. A sim ilar difference 
between the rate constants for the nucleation  (2.99 (± 0.4) x 10'8 s '1) and grow th 
(1.08 (± 0.2) x 10’3 s’1) was seen at m onom er concen tration  o f  50 m g cm '3 HbS. 
These results obtained from a Au m icrom esh electrode show ed that nucleation was 
m onom er concentration dependent, how ever grow th w as largely  independent o f  
m onom er concentration. A sim ilar pattern  w as seen w ith rate constants obtained 
with the Pt m atrix cell; the nucleation  rate constan t was several orders o f  
m agnitude sm aller than the elongation rate constant show ing that the nucleation 
process was slow er than the grow th process. A ctivation  energies for the nucleation 
and elongation stages o f  HbS polym erisation  w ere calcu la ted  (81.6 (± 1.2) kJ m o l '1 
and 148.2 (± 20.6) kJ m o l '1 respectively) and com pared w ith the activation 
energies o f  another protein polym erising system , P-am yloid fibrilla tion  (311.2 kJ 
m o l'1 and 95.3 (± 4.6) kJ m o l '1 respectively). The B-am yloid fibril nucleation  
activation energy was nearly  three tim es larger than the value obta ined  for HbS 
protein due to the am yloid m onom er undergoing  activation  th rough a slow  
conform ational transition. Larger elongation activation  energy ind icated  that 
nucleation at the surface was m ore favourable than elongation; how ever, this could 
have been due to the in itia tion o f  aggregation before the start o f  the experim ent. 
The Gibbs free energy was also calculated  for the nucleation (97.8 (± 20.6) kJ m ol' 
]) and elongation phases (70.3 (± 1.2) kJ m ol’1).
Optical m icroscopy was also coupled w ith chronoam perom etry  to v isualise  the 
growth o f  HbS aggregates at a Pt coil electrode. The optical im ages show ed that 
aggregation occurred only at the surface in itia lly  and not in the bu lk  solution 
indicating that grow th at the surface w as therm odynam ically  m ore favourab le  than 
in solution, w hilst po lym erisation  at the surface w as dem onstrated  to occur in three 
stages: a tim e delay w hen no structures w ere observed was fo llow ed by grow th  o f
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fibrous hair-like strands and then globular and gel-like aggregation in the latter 
stages o f  the experim ent. The optical m icroscope allow ed direct visualisation o f  
the grow th o f  aggregated structu res at the electrode, how ever, the absorption 
spectroscopy technique perm itted  a m ore quantitative approach to m onitoring 
grow th com pared w ith optical m icroscopy, and the increased sensitivity o f the 
absorption spectroscopy techn ique  also allow ed the detection o f  aggregate 
form ation at far low er concentrations.
This m ethodology w as also used as a screening  m ethod for drugs that act to 
alleviate sickle cell crisis by d isrup ting  the nucleation  and/or grow th o f  HbS 
polym erisation in vivo. Two natu ra lly  occurring  cyclic carbonyl com pounds, 
vanillin and 5HMF, w ere tested  in th is system  and w ere show n to have a large 
effect on the elongation phase o f  po lym erisa tion , dem onstrated  by a four fold 
decrease with the addition o f  vanillin  and a nine fold reduction  w ith 5HM F, but no 
effect was seen in the nucleation phase. Both o f  these com pounds reported ly  act by 
covalently m odifying the N term inal o f  Hb m onom ers and so should have had a 
pronounced effect on the nucleation phase, how ever, the nucleation  rate with the 
addition o f  vanillin (31.3 (± 0.54) x 10'3 s '1) and 5H M F (23.7 (± 0.66) x 10'3 s '1) 
was found to be sim ilar to a HbS only  solution. S im ilarly , changing the surface 
properties o f  the electrode by using  th io la ting  agents w as show n to have little  or no 
effect on the nucleation but a substantial effect on the rate  o f  polym er grow th. The 
incorporation o f  thiolating agents w hich provided negatively  or positively  charged 
surfaces provided a favourable environm ent for the grow th o f  HbS polym ers, 
w hilst a hydrophobic surface suppressed pro tein  grow th. The effect o f  surface 
properties on protein aggregation was investigated  to identify  the conditions w hich 
cause m inim al protein grow th and therefore reduce in teraction  betw een the surface 
and polym ers.
D irect electrochem istry o f  HbS fibres was also dem onstrated  at a Au 
m icroelectrode with a reduction peak being  observed for the fibres in the region o f  
-  200 mV versus A g/AgCl. No peak was seen in the background so lution or HbS 
m onom er control experim ent. A pH dependence on the reduction  peak was 
observed w hilst charge and surface coverage calcu lations indicated  a m ulti-layer 
deposition o f  fibres on the electrode. The m echanism  o f  electron transfer could not 
be elucidated in this study.
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This m ethodology has been used to gain an understanding o f  the param eters w hich 
affect the k inetics and dynam ics o f  HbS polym erisation at a surface com pared with 
free in solution. It has also dem onstrated  the ability  to provide a better 
understanding o f  the pathophysio logy  o f  SCD in vivo  and been em ployed as a 
screening m ethod for drugs tha t d isrupt nucleation and grow th o f  HbS aggregates 
and thus could help im prove curren t as well as lead to novel therapeutic strategies 
for this com m on and frequen tly  d isab ling  disorder. The electrochem ical cell w ill 
be utilised to investigate new  po ten tia l com pounds, w hose m ode o f  action is 
specific to the disruption o f  fibre form ation
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8.2 Future Work
8.2.1 Characterisation using AFM
There is still a lot o f  w ork to be done regarding further characterisation o f  HbS 
polym erisation, in particu lar the dynam ics and orien tation  o f  polym er growth at a 
surface. AFM  is one techn ique w hich can be used to characterise the growth in 
further detail as the nanom etre reso lu tion  o f  this technique allows individual fibres 
o f  diam eter 21.5 nm to be im aged in situ  thus allow ing the process o f  
polym erisation to be follow ed in real-tim e. A lthough num erous experim ents have 
been perform ed regarding ex-situ  AFM  im aging  o f  HbS aggregates during the 
course o f  this work, further w ork is required  to develop  an electrochem ical system 
in which the nucleation and grow th o f  ind iv idual HbS fibres, grow n through the 
electrochem ical depletion o f  O 2 at a surface, can be m onitored  using the AFM . In- 
situ  HbS polym erisation im aging w ith  A FM  at a surface w ould allow the 
fundam ental m echanism  o f  po lym erisation  to be investigated  and com pared to the 
established double nucleation m echanism , as w ell as allow  the fundam ental 
properties o f  HbS nucleation (at short tim e p rocesses o f  less than 200 s), such as 
induction tim es to be explored in g reater detail. Furtherm ore, A FM  w ould also 
allow  the interm ediary phase II seen in chap ter 5 to be investigated  and any 
accom panying structural changes at the surface as a result o f  this phase to be 
defined. An electrochem ical AFM  cell for in -situ  im aging, incorporating  a three 
electrode system sim ilar to those fabricated  in th is thesis w ould need to be 
constructed, requiring a flat conducting  surface as the w orking  electrode. The 
im aging surface needs to be flatter than the sam ple being  im aged, therefore, 
m aterials such as atom ic gold sputtered on m ica or h ighly  orien tated  pyrolytic 
graphite (HOPG) surface w ould be used. The cell w ould need to be enclosed like a 
well to keep the HbS solution in constant contact w ith  the electrodes.
The optical m icroscope experim ents have served as a foundation and basis for the 
visualisation o f  the grow th o f  HbS fibres, how ever, further AFM  experim ents w ill 
provide a system  in w hich the reversib le and controlled  sw itch ing  betw een  a 
globular protein and fibrous state by electrochem ical m odulation can be achieved. 
C onsequently, the k inetic and therm odynam ic properties o f  the fibres grow n at an 
electrode will be determ ined m uch m ore accurately, w hilst the investigation  o f  the 
dynam ics and orientation o f  grow th w ill be augm ented using AFM , m ost p robably
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through the covalent m odification o f  a gold working electrode. Further 
characterisation o f  the k inetics and growth dynam ics o f  HbS polymerisation and a 
detailed knowledge o f  polym erisa tion  m echanism s at different interfaces are 
crucial not only towards the identification  o f  new drug therapies for SCD but also 
for those processes w hich have a similar m echanism  such as 8-amyloid 
fibrillisation which is im plicated in the developm ent o f  m any neuro-degenerative 
diseases.
In-situ  AFM imaging o f  sickled RBCs from a normal bi-concave state to the 
sickled state will also be perform ed to investigate different aspects o f  the 
pathophysiology o f  the disease such as p lasm a m em brane dam age and the 
increased adhesion o f  the cells to each o ther and surfaces. A modified 
electrochemical cell, fabricated to m im ic the narrow  capillaries found in the body, 
will be used for the screening o f  therapeutic drugs and the analysis o f  the 
mechanism o f  action o f  biological agents which m odify  or disrupt the structure o f  
HbS polymers or decrease the adhesion o f  RBCs to the conducting surface.
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8.2.2 Screening for SCA and Anti-sickling Agents
In this thesis, the observation o f  HbS polym erisation by O 2 depletion in a thin 
layer electrochemical cell has been dem onstrated. Future work in this field would 
be directed towards developing a m edical device in which this system could be 
used as a diagnostic tool for the detection o f  the HbS variant and even the severity 
o f  the disease, in other w ords testing w hether the subject is a carrier o f  SCA or has 
more severe traits. The device would incorporate  a three electrode system 
comprised o f  indium tin oxide (ITO) conducting  glass as the base and working 
electrode, providing the cell with optical transparency  and include a fluorescent 
tag which would cause fluorescence upon sickling to aid visual detection. The 
device would hold a thin layer o f  solution and so would be similar in design to the 
electrochemical cells fabricated previously; how ever, lot o f  work will be required 
to design a commercially viable cell. Further work will also be performed on 
finding physiologically relevant conditions for reproducib le  growth o f  fibres upon 
electrochemical deoxygenation.
Currently, newborn babies in England are given screening for sickle cell blood 
disorders within two weeks o f  birth using a heel-prick  test. However, as it takes 
approximately twelve weeks for the HbF to be replaced in HbA in newborns this 
device could be used as a pre-screening test for the parents to establish w hether a 
baby has an increased risk o f  SCD. This application w ould be far m ore useful in 
developing countries such African countries where there is such a high proportion 
o f  babies born with SCD. This method would be far cheaper and quicker than the 
traditional method o f  genetic screening.
Another future application o f  this assay could be to act as a h igh-throughput 
screening device where many different com pounds are tested simultaneously. The 
device would be an electrochemical cell similar to the one described above, 
however, instead o f  using ITO the w orking electrode would be com posed o f  m u lt i­
well plates with each o f  the wells acting as individual cells for the testing o f  
different compounds simultaneously. The wells could be pre-treated with 
compounds such as thiolating agents to increase the extent o f  HbS aggregation to 
determine efficacy o f  the different com pounds being tested whilst the metal plates 
could be heated to change the conditions to physiological temperature. Current 
fluorescence techniques could be m odified to act as a sophisticated and practical
181
Concluding Remarks Chapter 8
detection m ethod w here labelled flourophores could be emitted upon interaction o f  
HbS molecules, causing colouration, whilst the fluorescence could be quenched 
upon disaggreagation. The effectiveness o f  current therapeutic compounds that 
specifically target the aggregation o f  HbS m onom ers would be assessed in greater 
detail and subsequently new  potential com pounds will be tested in the hope o f  
finding a cure for this debilita ting  disease. N aturally  occurring five-membered 
heterocyclic aldehydes and its analogues and those com pounds which form Schiff  
base adducts in a symmetrical fashion with the N -term inal aV a ll  nitrogens o f  Hb 
would be targeted initially. The pre lim inary  w ork performed in this regard in 
chapter 6 will aid future studies in this area.
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8.2.3 Direct electrochemistry
Further work will also be pursued in investigating the direct electrochemistry o f  
HbS fibres at a num ber o f  bare  and modified electrode surfaces to determine the 
electron conducting properties o f  the fibres. Furthermore, the dependence o f  fibre 
conductivity on the conditions o f  grow th will also be investigated in more detail to 
provide insights into the m echanism  o f  com plex biological electron transfer 
reactions in-vivo.
The direct electrochemistry o f  HbS will be coupled to the orientation o f  fibre 
growth work performed using the A FM  and the m anipulation o f  growth will be 
investigated using the incorporation o f  connecting groups to achieve connectivity 
and functionality at the fibre ends. A future application for this could be molecular 
nano-wires which conduct electrical current and be used in m olecular electronic 
devices. The added advantage o f  HbS fibres as m olecular nano-w ires is that 
switching between the globular protein and the fibrous state is relatively easy to 
achieve through depletion o f  O 2 . Further w ork regard ing  the electrochemical 
characterisation o f  different surface properties will also be performed. This will be 
achieved by using thiols and the relevance o f  this system to a physiological 
environment will be investigated.
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8.3 Summary
Overall, a lot o f  progress has been m ade regarding the characterisation o f  the 
nucleation and elongation o f  HbS polym erisation at an electrode surface and also 
in understanding how they are form ed and affected by a num ber o f  conditions at a 
conducting surface. Furtherm ore, a screening device has also been presented which 
could be useful to the pharm aceutical industry. However, there is a lot o f  
information still to be obtained and a lot o f  interesting work yet to be done on 
utilising the electrochemically  m odulated  grow th o f  HbS polym ers in investigating 
the pathophysiology o f  SCA in greater detail as well as im proving  current 
therapeutic strategies and finding new ones w hich could aid in finding a cure for 
this disease.
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